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at 
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Prior  to  the  First  Aging  Aircraft  Conference,  the  Air  Force 
Office  of  Scientific  Research  ( AFOSR)  issued  several  University 
Research  Initiative  (URI)  grants  to  various  universities  to  study 
issues  associated  with  aging  aircraft.  The  papers  presented  in 
this  document  represent  the  first  year's  work  for  those 
investigations . 

The  initial  presentations  are  from  government  agencies 
discussing  current  aging  aircraft  initiatives  underway.  They 
include  papers  from  AFOSR,  all  of  the  Air  Force  Air  Logistics 
Centers,  Wright  Laboratory,  Air  Force  Material  Command, 
Aeronautical  systems  Center,  FAA  and  NASA.  Later  technical  papers 
from  the  participating  universities  cover  research  into  materials 
degradation,  corrosion  and  corrosion  fatigue,  multi-site  damage  and 
non-destructive  inspection  methods .  Two  of  the  technical 
presentations  given  at  the  conference  are  not  represented  in  this 
document.  They  are  the  presentations  from  Professor  Regis  Pelloux 
of  MIT  and  Mr.  Robert  Smith  of  the  Defence  Research  Agency  of  the 
United  Kingdom.  We  apologize  for  the  omissions,  but  were  unable  to 
obtain  copies  of  these  papers.  If  you  are  interested  in  more 
information  concerning  any  of  these  topics,  please  contact  me  at 
(202)  767-4987. 

The  conference  was  hosted  by  the  Oklahoma  City  Air  Logistics 
Center,  Tinker  AFB,  Oklahoma.  OC-ALC  maintains  the  largest  number 
of  oldest  aircraft  in  the  Air  Force,  which  provided  the  opportunity 
for  participants  to  see  first  hand  where  their  research  will  be 
applied.  We  would  like  to  thank  all  those  from  OC-ALC,  ARINC 
Research  Corporation,  and  Rose  State  College  who  gave  their  time 
and  effort  to  make  this  conference  a  success. 
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AGING  AIRCRAFT 

OUTLINE 


•  Problem/Challenge 

•  Air  Force  Program 

•  AFOSR  Program  • 

•  User  Examples  vs.  S&T  Technology  Issues 

•  AFOSR  Research  With  Potential  Application 

•  Conclusion 


AIR  FORCE  AGING  AIRCRAFT  PROBLEM/CHALLENGE 


•  C/KC-135  Must  operate  to  2040 

•  B-52  Must  operate  to  2030 

•  E-3  Indefinite 

C/KC-135  Structural  Fatigue  Life  Adequate  to  2040 

•  Effects  of  Corrosion  Not  Considered 
Corrosion  Increases  as  Aircraft  Age 

Structural  Degradation  Due  to  Corrosion  Will  Limit  C/KC-135  Life  to 
Less  Than  2040 


Air  Force  Aging  Aircraft 


ACTIVE 

DUTY 

AGE  IN  YEARS 

FLEET 

0-6 

7-12 

13-18 

18-24 

24+ 

AVG 

A-10 

180 

42 

11.2 

B-52 

148 

31.4 

C-9 

32 

3 

21.5 

KC-10 

12 

47 

7.7 

C-130 

30 

9 

51 

77 

167 

21.9 

C-135 

479 

30.9 

C-141 

241 

26.1 

F-15 

241 

249 

194 

4 

8.3 

F-16 

744 

102 

20 

3.7 

F-111 

12 

188 

32 

21.5 

T-37 

77 

427 

29.8 

T-38 

177 

508 

26.1 

:e:  Air  Force  Magazine,  May  1993 

C-141  GROUNDING 


USAF  AIR  MOBILITY  Command  Chief,  Gen.  Ronald 
R.  Fogleman,  has  grounded  45  C-141s  and 
limited  another  116  of  the  transport  aircraft  from 
any  in-flight  re-fueling.  The  new  limitations  follow 
a  May  order  limiting  ail  C-141s  to  74%  of  their 
normal  load  capacity.  All  249  C-141Bs  will 
undergo  inspectins  to  determine  the  severity  of 
'weep  hole  cracking'  before  being  cleared  for  less 
restricted  flight,  being  repaired  or  being. retired." 


Source:  Aviation  Week,  16  Aug  93 
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•  "Material  Degradation  and  Fatigue  in  Aerospace  Structures"  - 
$3.75M/Year 

-  Four  Years  at  10  Universities 

•  "Detection  and  Prevention  of  Corrosion  in  Aging  Aircraft"  - 
$1.0M/Year 

-  Three  Years  at  8  Universities 

•  Individual  PI  Programs  -  $0.5M/Year 

-  Three  Universities 

First  Aging  Aircraft  Conference  Held  27-28  April  1993,  Georgia  Tech, 
Atlanta  GA 

•  AFOSR  Funded  Academic  Institutions,  WL,  ASC,  AFMC/EN,  FAA 
and  NASA 


AIR  FORCE  AGING  AIRCRAFT  PROGRAM 
(CONTINUED) 


Technology/Program  Integration 

•  Full  Participation  of  Technology  Producers  (Universities,  WL)  and 
Technology  Users  (ASC,  AFMC/EN,  ALCs) 

Technical/Program  Management 

•  Aging  Aircraft  Steering  Group  (AFOSR/NA,  WL/CD  and  AFMC/EN) 

•  Four  Working  Groups 

NDE 

Material  Damage  Behavior/Fatigue 
-  Corrosion 

Structural  Integrity  Assessment  and  Life  Extension 
Methodology 


Second  Air  Force  Aging  Aircraft  Conference  scheduled  17-19  May  1994  at 
OC-ALC,  Full  AF  Participation  Plus  FAA  and  NASA 
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USAF/ST  -  62163  Investment 

USAF/XR  -  6.4  Tech  Insertion,  Post  Production  Weapon  Systems  R&D 
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Joint  Third  Air  Force  Aging  Aircraft/ Air  Force  Aircraft  Structural 
Integrity  Conference  November  1995 
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LEHIGH  UNIVERSITY  (Robert  Wei)  -  "Corrosion  and  Fatigue  of  Aluminum 
Alloys:  Chemistry,  Micromechanics  and  Reliability" 

SUNY  AT  STONY  BROOK  (Fu-Pen  Chiang)  -  "NDE  of  Corrosion  and  Fatigue 
by  Laser  Speckle  Sensor  and  Laser  Moire" 

UNIVERSITY  OF  CHICAGO  (Stephen  Sibener)  -  "Scanning  Tunneling 
Microscopy  Studies  of  the  Morphology  and  Kinetic  Pathways  for 
Corrosion  Reactions  of  Stresses  in  Materials" 

UNIVERSITY  OF  CONNECTICUT  (Wolodymyr  Madych)  -  "Experimental 
and  Theoretical  Aspects  of  Corrosion  Detection  and  Prevention" 


DETECTION  AND  PREVENTION  OF  CORROSION 
IN  AGING  AIRCRAFT  STRUCTURES 


(Continued) 

IOWA  STATE  UNIVERSITY  (James  Rose)  -  "Nondestructive  Detection  and 
Characterization  of  Corrosion  in  Aircraft" 

UNIVERSITY  OF  DELAWARE  (Fadil  Santosa)  -  "NDE  of  Corrosion-Damaged 
Structures" 

VANDERBILT  UNIVERSITY  (George  Hahn)  -  "Fretting  Corrosion  in 
Airframe  Riveted  and  Pinned  Connections" 


WAYNE  STATE  UNIVERSITY  (Robert Thomas)  -  "Thermal  Wave  Imaging 
for  NDE  of  Hidden  Corrosion  in  Aircraft  Components" 


AIR  FORCE  AGING  AIRCRAFT  PROGRAM 
TASKING 

STEERING  GROUP  AND  WORKING  GROUPS 


•  Puroose/Functinn 

•  Assure  mission  capability  of  Aging  Aircraft  Fleet 

•  Reliability  Assurance  -  Existing  and  Improved 

•  Life  Extension 

•  Assure  Effective  Communication  Between  Technology  Developers 
and  Technology  Users 

•  Working  Groups  -  Within/Across 

•  Working  Group  Coordinator  Role  -  Central  Clearing  House 

•  Develop/Coordinate  6.1, 6.2,  and  6Ja  S&T  Efforts 

•  Steering  Group  and  Working  Groups 

•  Roadmaps 


AIR  FORCE  AGING  AIRCRAFT  PROGRAM 
TASKING 

STEERING  GROUP  AND  WORKING  GROUPS 

(Continued) 


Eragrammatic 

•  Steering  Group/Working  Group  Meetings 

•  Activity  Coordination 

•  Problem  Identification/Tech  Program  Development 

•  Subgroup  Semiannual  Report 


NDE 


OC-ALC  EXAMPLE 


LAP  JOINT  INSPECTION  AREAS 


NON  DESTRUCTIVE  EVALUATION  (NDE) 
S&T  ISSUES 


•  Explanations  to  Performance/Consistency  Rendered  by  Different  NDE 
Techniques 

•  Understanding 

•  Fundamental  Mechanisms  for  Detection  •  UT/Wave  Length 

•  Test  Specimen  Geometry 

•  Human  Interface 

•  Differentiation  Between  6.1, 6JL  and  6JA  Issues 

•  NDE  Working  Group 


STRUCTURAL  INTEGRITY 
OC-ALC  EXAMPLE  (ROUND  ROBIN  TEST) 


OC-ALC  STRUCTURAL  INTEGRITY  TESTING 


4 


Specimens  From  30+  Year  Old  C/KC-135  Aircraft  With  and  Without 
Possible  Corrosion 

•  Fuselage  Lap  Joints 

•  Upper  Wing  Skins 

Fractographic  and  Corrosion  Quantification  After  Testing  and  Invasive 
Disassembly 

Lab-to-Lab  Standard  and  Preliminary  Tests  Completed 
Testing  from  Nov  93  to  Jun  94 


CORROSION  AN.^AGING  AIRCRAFT 


ROUND  ROBIN  TESTING 


STRUCTURAL  INTEGRITY 
S&T  ISSUES 


Physical  Parameters  for  Specimen  Quantification  Before  the  Test  -  Service 
Life,  Baseline  Materials,  NDE  Measurement,  etc. 

Materials/Structures  Parameters  Measurement  From/During  the  Test 

Proper  Post  Test  Interpretation  Which  Leads  to  Physics-Based  Aircraft 
Structural  Life  Prediction  and  Integrity  Assessment 

Work  Across  the  Working  Groups 


SELECTED  USER  EXAMPLES 
vs 

SCIENCE  &  TECHNOLOGY  ISSUES 


AFOSR  RESEARCH 
With 

POTENTIAL  APPLICATION  TO  AGING  AIRCRAFT 


•  Speckle  Sensor  -  Chiang,  SUNY  (AFOSR-URIP) 

•  Superconduction  (SQUID)  -  Wikswo,  Vanderbilt  (AFOSR-Core) 

Material  Damage  Behavior 

•  Functionally-Graded  Materials  -  Erdogen,  Lehigh  (AFOSR-Core) 
Corrosion  and  Fatigue 

•  Pit  Corrosion -Wei,  Lehigh  (AFOSR-URIP/FAA) 

Structural  Assessment  and  Life  Extension  Methodology 

•  Multi-Site  Damage  -  Atluri,  Georgia  Tech  (AFOSR-Core/FAA) 


Field  Eq:  u*l  **  X  (2n+l)/2;  X:  wave  length,  n:  fringe  order,  u:  generic 
displacement  vector  in  specimen  plane,  ft:  sensitivity  vector. 


Hidden  crack 


Aging  aircraft  is  a  very  important  Air  Force  issue 
S&T  community  is  ready  to  face  this  challenge 

There  are  6.1, 6.2  and  6  JA  issues 

i. 

AF-wide  program  coordination  established 


•  6.1, 6.2, 6.3A 

•  Technology  User 


Technology  Developer 


Continue  outside  Air  Force  coordination  •  FAA,  NASA  and  Navy 


Substantial  6.1  investment  from  AFOSR 


Community  expectation  vs.  reality  of  6.1  basic  research 


m  slope  change  of  fringes 
the  structure 


RESEARCH  &  DEVELOPMENT 
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Otha  Davenport 
HQ  AFMC/EN 
(513)  257-7886 


TECHNOLOGY  SUPERHIGHWAY 
BRIDGE  OUT 


TECHNOLOGY 

NEED 


NEW  WEAPON 
SYSTEM 


fc-w  y  i  w 


RESEARCH 

LABS 


$BP3600 
6.2  &  6.3 


$  BP3600  6.1  DEVELOPMENT 

LABS . 

t-10yrs 


$  BP3600  6.4  & 
BP3010 


PRODUCTION 

FACILITY 


yrsi 

¥ 


ALTERNATIVE  TECHNOLOGY 
HIGHWAY  -  PLAN 


TECHNOLOGY 

NEED 


OLD  WEAPON 
SYSTEM 


RESEARCH 

LABS 

$  BP3600  6.1 


MODIFICATION 

FACILITY 


$BP3600 
6.2  &  6.3 


DEVELOPMENT 

LABS 

t-2y 


WRIGHT 

LABORATORY 


WRIGHT-PATTERSON  AFB,  OHIO 


THE  NEW  WRIGHT  LABORATORY 
INTEGRATED  PRODUCT  TEAM  PROCESS 
PHILOSOPHY 


•  INFORMED  CUSTOMERS/SUPPLIERS 

-  THE  WARRIORS  BECOME  ADVOCATES  OF  CRITICAL  TECHNOLOGY 

•  TECHNOLOGY  ORCHESTRATION 

-  WL  QUARTERBACKS  AIR  VEHICLE  TECHNOLOGY  TEAM 

•  CLEAR  STRATEGIC  FRAMEWORK: 

-  SYSTEM  INTEGRATED  TECHNOLOGIES 

•  RESOURCE  ALLOCATION 

•  STRONG  U.S.  TECHNOLOGY  BASE 

•  EMPOWERMENT 

-  RIGHT  PEOPLE/RIGHT  JOBS 


NEW  WL  IPT  FRAMEWORK 
HOW  IT  WILL  WORK 


122  TECHNOLOGY 
CORE  IPTs 

(Original  122) 


3  . 

HP  TECHNOLOGY  THRUST  IPTs 


NAME 

Avionics 

1.  Targeting  &  Attack  Avionics 

2.  Electronic  Warfare  Technology 

3.  Systems  Avionics 

4.  Electron  Devices 


NAME 

Armament 

1.  Advanced  Guidance 

2.  Weapons,  Flight  Mechanics 

3.  Ordnance 

4.  Instrumentation 


Flight  Vehicles 

1.  Aeromechanics 

2.  Structures 

3.  Control  Science  &  Technology 

4.  Cockpit  Integration 

5.  Vehicle  Subsystems 

6.  Technology  Integratlon/Filght 
Demonstration 

Materials  &  Processes 


Manufacturing  Technology 

1.  Aircraft 

2.  Missiles  &  Munitions 

3.  C3I  Mission  Electronics 

4.  Space  &  Launch 

5.  Aerospace  Sustainment 

6.  Manufacturing  Systems 

7.  Advanced  Manufacturing 

8.  Manufacturing  2005 

9.  Defense  Production  Act 


1.  Structures,  Propulsion  &  Subsystems 

2.  Electronics,  Optics  &  Survivability 

3.  Systems  &  Operational  Support 


Propulsion 

1.  Turbine  Engine 

2.  Fuels  &  Lubrication 

3.  High  Speed  Propulsion 

4.  Aerospace  Power 


CUSTOMER  FOCUSED  IPTs 


1.  FIGHTERS 

2.  GLOBAL  AIRUFTERS  /  INTRA-THEATER  TRANSPORT 

3.  BOMBERS 

4.  RECCE  /INTEL 

5.  SPECIAL  OPERATION  FORCES 

6.  UNMANNED  AIR  VEHICLES 

7.  WEAPONS 

8.  SPACE  SYSTEMS  AND  LAUNCH 

9.  AGING  SYSTEMS  AND  ALC  SUPPORT 

10.  T&E  CENTER  SUPPORT 

11.  POLLUTION  PREVENTION 

12.  CORE  TECHNOLOGIES 


CFIPT 


•  WL  team 


•  Focuses  technology  on  products 

•  Works  with  TPIPTs  (tech  needs  jzt  military  requirements) 

•  Translates  technology  needs  — ►  technology  solutions 

•  Balances  technologies 


•  Builds  system  oriented  technology 
roadmaps  (near,  mid,  far) 

•  Orchestrates  resources  to  make 
it  happen 

•  Members: 

WL  Tech  Thrust  IPT  members 

•  Partners:  TPIPTs 

i 

•  Leader: 

-  Senior,  experienced 

-  Speaks  both  technology  &  systems 

-  Reports  directly  to  WUCC/CD 


' — CUSTOMER 

— ^POCUS 
THRUSTIPTa 


OVERVIEW  OF  WL  AGING 
SYSTEMS  CFIPT 


•  ESTABLISHED:  September  1993 


•  PURPOSE:  Assure  coordinated  WL  activities  &  leveraging 

the  development  &  transition  of  technologies 
that  support  aging  systems 

•  VISION:  Extend  lives  &  contain  costs  of  aging  weapon  systems 


PAYOFFS: 

•  Increased  operational  readiness  reduced  repair 
downtime 

•  Reduced  maintenance  &  repair  costs 

•  increased  safe  operating  life  (e.g.,  damage  tolerance) 


S'  FLIGHT  DYNAMICS 

9  DIRECTORATE 


WRIGHT  LABORATORY  MATERIALS  DIRECTORATE 


DEVELOP  SOUD  3TATE  MICROSENSOR  TECHNOLOGY 

FOR  AIR  FORCE  SYSTEMS 

DEMONSTRATE 

•  PRESSURE  SENSOR 

•  ACCELEROMETER 

PROVIDE  CORE  SENSOR  TECHNOLOGY  BASE  APPLICABLE 
TO  STRUCTURAL  CRACK  DETECTION 


RESONANT 

MICA08EAMS 


Accelerometer 
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PLANS  AND  PROGRAMS 
DIRECTORATE 


Cockpit 

Commonalty - 

Integrated  Cockpit 
Avionics  for  Transports 


Logistics  Visions  C-141 


r. 


* 


C-5 

Fleet 


Proven 

Technologies 


¥ 


C-141 

Fleet 


Logistics  Support 
Materials 


Technology  for 
Aircraft  Handling 


NASA  AIRFRAME  STRUCTURAL  INTEGRITY  PROGRAM 
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NASA  Airframe  Structural  Integrity  Program 


Program  Management  Team 


LaRCAPG 


John  G.  Davis 


Program  Implementation  Team  Team  Leader,  RTG 

Charles  E  Harris 


Fracture  Mechanics 

Structural  Mechanics 

NDE  Inspection  Technology 

James  C.  Newman,  Jr. 

James  H.  Starnes,  Jr. 

William  P.  Winfree 

TECHNOLOGY  REQUIREMENTS 

Technology  to  reliably  and  economically  inspect  aging  aircraft  to  detect: 

•  Disbonds  in  fuselage  splice  joints  and  tear  straps 

•  Fatigue  cracks  in  riveted  structure 

•  Airframe  corrosion 

Damage  tolerance  analysis  methodology  for  riveted  structure  to: 

•  Establish  inspection  requirements 

•  Evaluate  the  need  to  repair  damaged  structure 

•  To  conduct  analyses  of  repaired  structure 

Advanced  quantitative  technology  to  economically  conduct  structural  audits  of 
high  time  airplanes 


INTEGRATED  SHELL  ANALYSIS-FRACTURE 
ANALYSIS  METHODOLOGY 


Global  shell 
structures 


Global  panel 
structures 


Local  structural 
details 


Fuselage 

stiffened-shell 

analysis 


Fuselage 

stiffened-panel 

analysis 


Lap  splice 
Joint 
analysis 


Fatigue  crack  growth  Fracture  mechanics 


Fatigue  Crack  Growth  Controlled 
by  Closure  Mechanism 

Crack  Tip  ■ 


Plastic  Zone 


Crack  Tip 


Minimum  Load 


.Uncracked 

Material 


Crack  Opening 
Load 


COMPARISON  OF  MEASURED  AND  PREDICTED  FATIGUE  LIFE 
2024-T3  ALUMINUM  ALLOY  UNDER  SPECTRUM  LOADING 


Nf,  cycles 


FRACTURE  MECHANICS  OF 
CRACKS  EXTENDING  FROM  RIVETS 


CRITICAL  CRACK-TIP-OPENING  ANGLE  (CTOA) 
FRACTURE  CRITERION 


Experimental  Verification  Program 


Video  Image  of  CTOA  Measurement 


Canter  Crack  3-Hole  MSD 

Measured  CTOA  as  a  Function 
of  Crack  Growth 


Predicted  Stable  Crack  Growth 


CTOA 

(degrees) 


20M-T3  Aided,  t.  004  In. 

■H  Teal  (FAA  •  Feeter-Mllar,  Inc.) 
■■  Ft  Analysts  (CTOA) 

V  /  A  FE  Pfestto-tone 


0  0.5  1  1.5  2  ZS  3 

Crack  Length 
(Inches) 


Single  MS0  41  MS0#2  MSD  #3 

crack  (3  cracks)  (5  cracks)  (5  cracks) 


STRUCTURAL  MECHANICS  OF 
AIRCRAFT  STRUCTURE 


Nonlinear  Stiffened-Shell 
Analysis 

(STAGS  &  FRANC3D) 


Global/Local  Methods 


QUANTITATIVE  NDE  FOR  AIRCRAFT  STRUCTURES 


Disbond  Detection 

(Ultrasonics,  thermography,  optics) 


Corrosion  Detection 

_ (Ultrasonics,  magnetics, 

thermography,  radiography,  optics) 


Trained 

Artificial  Neural  Network 


MOI  Imago  of  cracks  at  rivet 


PRESENT 


FUTURE 


•  POINT  MEASUREMENT 

•  HUMAN  FATIGUE 

■  CORRELATIVE 

■  SUBJECTIVE 


NDE  COST 


•  LARGE  AREA  MEASUREMENT 

•  AUTOMATION/ROBOTICS 
•COST  EFFECTIVE 

•  INTERPRETABLE 

•  QUANTITATIVE 

•  ARCHIVAL 


NDE  COST 


THERMAL  NDE 
\-  ULTRASONICS 
RADIOGRAPHY 
\-  MAGNETICS 

•  MSD  \.  OPTICS 

•  FATIGUE  \ 
•BONDING  \ 

•  CORROSION  \ 
•SAFETY  \ 

•  RELIABILITY  \ 

•  EFFICIENCY 


MATERIAL  LOSS 


CORROSION  DETECTION  AND  ESTIMATION 
USING  NEURAL  NETWORKS 


BINARY  IMAGE 
CLEARLY  SHOWING 
FLAWS 


iJTTmmiiLUiauis 

|i  nmnmtnaaa 
miCTimiiin 


THERMAL  NOE  OATA 

(TIME  SEQUENCE  OF  SO  TEMPERATURE  IMAGES) 


FINAL  IMAGE  CLEARLY  SHOWING 
AMOUNT  OF  MATERIAL  LOSS  {CORROSION) 

□  7S%  *0%  |H  2S%  ■  0% 


CORROSION  ESTIMATOR 
NETWORK 


PORTABLE  PC-BASED  ULTRASONIC  INSTRUMENT 
U  v  FOR  DETECTION  OF  FLAWS 


DEVELOPED  AT  NASA  LANGLEY  RESEARCH  CENTER 


Portable  PC 


■  n/u  ouaiu 

j&ssk*-- 

Pulser/Reeelver  Board 

■'Scanner  Controller  Board 

■  1  \ 

■■  / 

'  £  Hand  .A" 

Scanner  - - .  'V--'  c  •' 


&  Suction 


Sample 


COMPARISON  BETWEEN  MATERIAL  LOSS  OBTAINED  ULTRASONICALLY 
AND  MECHANICALLY  MEASURED  MATERIAL  LOSS 


SINGLE  LAYER  OF  ALUMINUM,  THICKNESS  1.0  mm 
WITH  MILLED  MATERIAL  LOSS 


SINGLE  LAYER  OF  ALUMINUM,  THICKNESS  1.6  MM 
WITH  MILLED  MATERIAL  LOSS 


TRANSDUCER  CENTER  FREQUENCY  3.5  MHz 
NUMBER  OF  POINTS  FOR  FFT  =  2048 

i - IDEAL  Y=X  LINE 


TRANSDUCER  CENTER  FREQUENCY  2-25  MHZ 
NUMBER  OF  POINTS  FOR  FFT  =  256 


50.0 


50.0 


^  9 


<3 


© 


o.o  x  50.a 

MECHANICALLY  MEASURED  MATERIAL  LOSS,  % 


50.0 


MECHANICALLY  MEASURED  MATERIAL  LOSS,  % 


ULTRASONIC  CONTACT  SCAN  OF  AIRCRAFT  PANEL 

SIMULTANEOUS  DETECTION  OF  DISBONDS 
AND  TOP-LAYER  CORROSION  (MATERIAL  THINNING) 

TRANSDUCER  CENTER  FREQUENCY  Z2S  MHZ 


FALSE-CAU.  DUE  TO 
PRESENCE  OF  RJVET 


BONDED  REGION 


x  Corrosion! 


■  EFFECT  OF 

■  RIVET 


LAP 

WIDTH 


4  5  5  7  8  9  '0  M  12  13  14  IS  IS  17  IS  19  20  21 

DISBONDED  REGION 


DISBONDED  AND 
CORRODED  REGION 


So«"t  1 


•  DISBOND  DETECTION  USING  A  TRAINED  NEURAL  NETWORK 

•  CORROSION  ESTIMATION  THROUGH  SPECTRAL  ANALYSIS 


SIMPSON  PROBE 

LaRC  Develops  Self-nulling  Electromagnetic  Probe  |f|p?g 


SBm 

Hand  held 


Eddy  Current  NDE 


Simpson  Probe 


■gmwjB 


KIa  a*>aa!/ 


FATIGUE  CRACK  DETECTION  WITH  SELF 
NULLING  EDDY  CURRENT  PROBE 


Probe  response  from  unflawed  sample 


srjii^rAiCTrAi^rAii 


SmiSiwiS 


im 


Probe  response  from  fatigue  crack 


Unambiguos  flaw  signature  •  Insensitivity  to  lift-off  and  probe  wobble 


Low  cost  for  operator  training  and  instrumentation  requirements 


C-Scan  Image  ofra  Boeing  727  Lap  Splice  Using 
the  Simpson  Probe 


Rivets 


C-Scan  Image  of  a  lap  splice  sample  obtained  with  the  Simpson  Probe  operating  at  2-S  kHz  Red  Yellow  and 
an  t^rf  ^  *°  3  ^  **  ^  •«  or 


CONCLUDING  REMARKS 


•  The  NASA  Program  was  initiated  in  1990. 

•  U.  S.  Government  Strategic  Plan  (FAA,  NASA,  USAF) 


•  Cooperative  programs  with  the  U.  S.  OEM's  and  Airlines 


Significant  technical  accomplishments  have  occurred 
and  technology  has  been  transferred  to  industry 
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AGING  AIRCRAFT 
DEFINITION 


AN  AGING  AIRCRAFT  CAN  BE  DEFINED  AS  ONE 
THAT  REQUIRES  A  CHANGE  TO  THE 
MAINTENANCE  PROGRAM  OR  OPERATING 
RESTRICTIONS  BECAUSE  OF 

-  OPERATIONS  BEYOND  DESIGN  LIFE 

-  CORROSION" 

-  ONSET  OF  WIDESPREAD  FATIGUE  DAMAGE 

-  REPAIRS 


AERONAUTICAL  SYSTEMS  CENTER 
AGING  AIRCRAFT  PROGRAM 


THE  PROGRAM  FOR  AGING  AIRCRAFT 
WITHIN  THE  AERONAUTICAL  SYSTEMS 
CENTER  IS  TO  ESTABLISH  REQUIREMENTS 
THROUGH 

-  MIL-STD-  1530A  (ASIP) 

AND 

-  AFGS-8722 1 A  (MIL-PRIME  SPEC) 


TO  PRECLUDE  AGING  OR  DELAY  AGING 
EFFECTS  THROUGHOUT  THE  AIRCRAFT’S 
LIFETIME 


A«CAAO«»4 


AGE  OF  USAF  AIRCRAFT 


AIRCRAFT  DEVELOPMENT  INITIATED 


T-37 

T-38 

F-111 

F-15 

F-16 

C-130 

C-141 

C-5A 

KC-135 

B-52G 

A-  1 0 


1953 
1956 
1962 
1970 
1975 
1951 
1959 
1965 

1954 
1956 
1974 


ELEMENTS  OF  TASK  I  OF  ASIP 


_ TASK  I 

DESIGN 

_ INFORMATION 

WTEQWTY  PflOGHAM  ASIP  MASTER  PLAN 


STRUCTURAL  DESIGN  CRITERIA 


DAMAGE  TOLERANCE  AND  DURABILITY 
CONTROL  PLANS 


SELECTION  OF  MATERIALS.  PROCESSESS. 
AND  JOINING  METHODS 


DESIGN  SERVICE  LIFE  AND  DESIGN  USAGE 


OPERATIONAL  USAGE 
AN  AGING  AIRCRAFT  ISSUE 


•  ESSENTIALLY  ALL  OF .  THE  USAF  AIRCRAFT 
ARE  OPERATED  MORE  SEVERELY  IN 
OPERATIONAL  SERVICE  THAN  THE  DESIGN 
USAGE 

EXAMPLES  ARE 

F-15 

F-  16 

A-  10 

B-  IB 

C-141 

•  THESE  USAGE  CHANGES  ARE  DERIVED  FROM 

-  INCREASE  IN  LOAD  FACTOR  EXCEEDANCES 

-  INCREASE  IN  FUEL  RESERVES 

-  WEIGHT  GROWTH 

A3CAA0SB4 


FUTURE  ACTIONS 
OPERATIONAL  USAGE 

•  USE  SIMULATORS  IN  DEM/VAL  PHASE  TO 
BETTER  ESTIMATE  LOAD  FACTOR  EXCEEDANCES 

•  USE  LOAD  LIMITERS  ON  LOW  G  AIRCRAFT 

•  WORK  WITH  USING  COMMAND  TO  OBTAIN  MORE 
REALISTIC  FUEL  RESERVE  REQUIREMENTS 

•  ENSURE  THAT  THE  DESIGN  WEIGHT  IS  THE 
PROJECTED  WEIGHT  AT  IOC 

•  PERFORM  TRADE  STUDY  FOR  PROVIDING  ADDITIONAL 
LIFE  MARGIN  IN  DESIGN  TO  ASSESS  COST  AND 
SCHEDULE  IMPACT 

•  UPDATE  FSMP  (DADTA)  AT  LEAST  EVERY  FIVE  YEARS 

•  PM  UPDATE  ASIP  COSTS  FOR  AIRCRAFT  LIFE  YEARLY 


ASCAAOS34 


•  CORROSION 

AN  AGING  AIRCRAFT  ISSUE 

•  MOST  SIGNIFICANT  COST  BURDEN  OF  ANY 
STRUCTURALLY  RELATED  ITEM 

-  COST  ESTIMATED  AT  $700  MILLION/YEAR 

•  ADDITIONAL  FUNDING  NEEDED  TO  PROTECT 
SOME  WEAPON  SYSTEMS 

-  EXAMPLES 
KC-135 

C- 141 

•  ENVIRONMENTAL  PROTECTION  LAWS  CAUSING 
SEARCH  FOR  NEW  INHIBITORS 

•  NONDESTRUCTIVE  EVALUATION  MARGINAL 

•  NO  PREDICTIVE  CAPABILITY 

ASCAA08V4 


FUTURE  ACTIONS 
CORROSION 

•  ESTABLISH  ADVISORY  COUNCIL  FROM  USA,  USAF, 
USN,  FA  A,  AND  NASA  TO  ADVISE  ON  CORROSION 
PROBLEMS 

-  ESTABLISH  STANDARDS  AND  RESEARCH  AND 
DEVELOPMENT  INITIATIVES 

•  DEVELOP  THE  NONDESTRUCTIVE  EVALUATION 
TOOLS  TO  DETERMINE  EXTENT  OF  CORROSION 

•  ENFORCE  THE  POLICY  THAT  CORROSION  DAMAGE 
WILL  BE  FIXED  AND  NOT  BE  ALLOWED  TO 
JEOPARDIZE  SAFE  AND  ECONOMICAL  OPERATIONS 

•  PLACE  EMPHASIS  ON  THE  DEVELOPMENT  OF 

j  NEW  CORROSION  PROTECTION  SYSTEMS  THAT 
|  ARE  ENVIRONMENTALLY  SAFE  ' 


ICJ 


ELEMENTS  OF  TASK  II  OF  ASIP 
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_ TASK  H _ 

DESIGN  ANALYSES  AND 
DEVELOPMENT  TESTS _ 

MATERIALS  AND  JOINT  ALLOWABLES 
LOADS  ANALYSIS 

DESIGN  SERVICE  LOADS  SPECTRA 

DESIGN  CHEMICAL/THERMAL  ENVIRONMENT  SPECTRA 

STRESS  ANALYSIS 

DAMAGE  TOLERANCE  ANALYSIS 

DURABILITY  ANALYSIS 

SONIC  ANALYSIS 

VIBRATION  ANALYSIS 

FLUTTER  ANALYSIS 

NUCLEAR  WEAPONS  EFFECTS  ANALYSIS 
NON-NUCLEAR  WEAPONS  EFFECTS  ANALYSIS 
DESIGN  DEVELOPMENT  TESTS 


EXTERNAL  AND  INTERNAL  LOADS 
AN  AGING  AIRCRAFT  ISSUE 


•  EXTERNAL  LOAD  ERRORS  HAVE  SIGNIFICANTLY 
IMPACTED  THE  LIFE  OF  AIRCRAFT  STRUCTURES 
-  EXAMPLES  ARE 

F-4 
A  -  7 

•  THE  TECHNOLOGY  TO  ACCURATELY 
PREDICT  BUFFET  LOADS  IS  NOT  AVAILABLE 

•  SIGNIFICANT  VARIATIONS  HAVE  BEEN  FOUND 

IN  THE  QUALITY  OF  FINITE  ELEMENT  ANALYSES 

•  THE  STATE  OF  THE  ART  FOR  DETERMINATION 
OF  THERMAL  LOADS  IS  NOT  ADEQUATE 


ASCAA0594 


FUTURE  ACTIONS 
EXTERNAL  AND- INTERNAL  LOADS 

•  EMPHASIZE  THE  USE  OF  COMPUTATIONAL  FLUID 
DYNAMICS  FOR  DETERMINATION  OF  BOTH 
STEADY  STATE  AND  BUFFET  LOADING 

•  EMPHASIZE  USE  OF  MORE  COMPREHENSIVE 
FLIGHT  LOAD  SURVEYS  TO  VALIDATE  STEADY 
STATE  AND  BUFFET  LOAD  PREDICTIONS 

-  INCREASE  THE  SCOPE  OF  FLIGHT  LOAD 
SURVEYS  FOR  PROTOTYPE  AIRCRAFT 

•  PROVIDE  GUIDANCE  IN  THE  MIL-PRIME 
SPECIFICATION  ON  THE  USE  OF  EXPERIMENTAL 
APPROACH  TO  BE  USED  FOR  VALIDATION  OF  THE 
INTERNAL  LOADS  IN  MAJOR  SUB -ASSEMBLY 
TESTING  LEADING  TO  FULL-SCALE  TESTING 


ELEMENTS  OF  TASK  II!  OF  ASIP 


TASK  111 
FULL-SCALE 
TESTING 


U3AF  STRUCTUtAL  INTe4«TY  PflOOHAM  j  gTAT|C  TESTS 


DURABILITY  TESTS 


DAMAGE  TOLERANCE  TESTS 

FLIGHT  AND  GROUND  OPERATIONS  TESTS 


SONIC  TESTS 


FLIGHT  VIBRATION  TESTS 


FLUTTER  TESTS 


INTERPRETATION  AND  EVALUATION  OF  TEST  RESULTS 


FULL  SCALE  TESTING 
AN  AGING  AIRCRAFT  ISSUE 


•  TIMELY  START  OF  STATIC  TESTING 

TO  PERMIT  EARLY  AND  ADEQUATE  FLIGHT 
AND  GROUND  LOAD  SURVEYS 

•  TIMELY  START  OF  DURABILITY  TESTING 
TO  AVOID  RETROFIT  PROBLEMS 

•  ADEQUATE  DURABILITY  TESTING  TO 
IDENTIFY  ALL  LOCATIONS  THAT  COULD 
BE  DAMAGE  TOLERANT  CRITICAL 

•  APPROACH  TO  BE  USED  FOR  DAMAGE 
TOLERANCE  TESTING  TO  VALIDATE 
THE  CRACK  GROWTH  PREDICTIONS 


AaCAAOSO* 


ELEMENTS  OF  TASK  V  OF  ASIP 


USAF  3TOUCTWAL  INTEGRITY  I 


_ TASK  V _ 

FORCE 

. _ MANAGEMENT 

LOADS/ENVIRONMENT  SPECTRA  SURVEY 


INDIVIDUAL  AIRCRAFT  TRACKING  PROGRAM 


INDIVIDUAL  AIRPLANE  MAINTENANCE  TIMES 


STRUCTURAL  MAINTENANCE  RECORDS 


WIDESPREAD  FATIGUE  DAMAGE  DEFINITIONS 
(DETERMINISTIC  AND  PROBABILISTIC) 


•  ONSET  OF  WIDESPREAD  FATIGUE  DAMAGE  IN  A 
STRUCTURE  IS  CHARACTERIZED  BY  THE  SIMULTANEOUS 
PRESENCE  OF  CRACKS  AT  MULTIPLE  STRUCTURAL 
DETAILS  WHICH  ARE  OF  SUFFICIENT  SIZE  AND 
DENSITY  WHEREBY  THE  STRUCTURE  WILL  NO  LONGER 
MEET  ITS  DAMAGE  TOLERANCE  REQUIREMENT 
(E.G.,  MAINTAINING  RESIDUAL  STRENGTH 
REQUIREMENT  AFTER  PARTIAL  STRUCTURAL  FAILURE) 

THE  ONSET  OF  WIDESPREAD  FATIGUE  DAMAGE  IS 
THAT  POINT  IN  THE  OPERATIONAL  LIFE  OF  AN 
AIRCRAFT  WHEN  THE  DAMAGE  TOLERANCE  OR  FAIL 
SAFE  CAPABILITY  OF  THE  STRUCTURE  HAS  BEEN 
DEGRADED  SUCH  THAT  THE  PROBABILITY  OF  FAILURE 
OF  THE  INTACT  STRUCTURE  OR  THE  STRUCTURE  WITH 
A  PARTIAL  FAILURE  HAS  BEEN  INCREASED  ABOVE  AN 
ACCEPTABLE  THRESHOLD 


WIDESPREAD  FATIGUE  DAMAGE  (WFD) 
TYPES  OF  DAMAGE 

•  MULTIPLE  ELEMENT  DAMAGE 

-  EXAMPLES  (PROBABILISTIC  METHODS) 

■  KC-135  WING 

■  C-5A  WING 

-  C-141  FUSELAGE  AND  WING 

■  T-38  FUSELAGE  AND  WING 

-  APPROACH  IS  ESTABLISHED 

•  MULTIPLE  SITE  DAMAGE 

-  EXAMPLES 

■  BOEING  727  AND  737  FUSELAGES 

-  APPROACH  IS  MATHEMATICALLY  SIMILAR 

TO  THE  MULTIPLE  ELEMENT  DAMAGE  PROBLEM 

■  CRACK  ARREST  STRUCTURAL  INTEGRITY 
IS  THE  FOCAL  POINT  OF  THE  ANALYSIS 


WIDESPREAD  FATIGUE  DAMAGE  (WFD) 
AN  AGING  AIRCRAFT  ISSUE 


•  THREAT  ASSESSMENT  FOR  PARTIAL  FAILURE 

-  POTENTIAL  SOURCES  OF  DAMAGE  TO 
THE  STRUCTURE 

■  ENGINE  DISINTEGRATION 

■  ACCIDENTAL  DAMAGE 

■  BATTLE  DAMAGE 

■  FATIGUE  DAMAGE 

•  DETERMINATION  OF  ANALYSIS  INPUTS 

-  CRACK  DISTRIBUTION  FUNCTION 

-  APPLIED  STRESS  DISTRIBUTION  FUNCTION 

-  FAILURE  CRITERIA 

•  NONDESTRUCTIVE  EVALUATION  METHODS 

FOR  CRACKING  THAT  WOULD  CONSTITUTE  WFD 


A8CAA0884 


FUTURE  ACTIONS 

WIDESPREAD  FATIGUE  DAMAGE  (WFD) 

•  ESTIMATE  THE  THREAT  OF  PARTIAL  DAMAGE 

-  EXAMINE  EXISTING  DATA  BASES 

-  CONDUCT  FIELD  SURVEYS  FOR  DAMAGE 

•  EXAMINE  ALTERNATIVES  FOR  INITIAL 
CRACK  DISTRIBUTIONS 

•  USE  DETERMINISTIC  AND  PROBABILISTIC 
METHODS  FOR  ESTABLISHING  ESTIMATE  OF 
THE  TIME  OF  ONSET  OF  WFD 


RECOGNIZE  THAT  THIS  IS  ONLY  AN  ESTIMATE  I! 


•  ESTABLISH  THE  NONDESTRUCTIVE  EVALUATION 
CAPABILITY  FOR  (SMALL  CRACKS)  TO  VALIDATE 
EXISTENCE  OF  WFD 


REPAIRS 

AN  AGING  AIRCRAFT  ISSUE 


•  MANY  REPAIRS  ON  USAF  AIRCRAFT  ARE 

NOT  DESIGNED  BASED  ON  DAMAGE  TOLERANCE 

-  TRACKING  OF  REPAIRS  OFTEN  NOT 
ACCOMPLISHED 

-  CONFIGURATION  CONTROL  OF  REPAIRS 
IS  ALSO  A  PROBLEM 

•  DEFINITION  OF  EXTERNAL  AND  INTERNAL 
LOADS  A  PROBLEM  FOR  OFF-THE-SHELF 
AIRCRAFT 

-  CONTRACT  FOR  MODIFICATIONS  OFTEN  NOT 
WITH  ORIGINAL  EQUIPMENT  MANUFACTURER 

•  BATTLE  DAMAGE  REPAIR  CRITERIA 

-  NO  UNIVERSAL  AGREEMENT  WITHIN  USAF 


A8CAA0884 


OFF  THE  SHELF  AIRCRAFT 
FUTURE  ACTIONS 

•  BASIS  FOR  STRUCTURAL  QUALIFICATION 

OF  OTS  AIRCRAFT  WILL  BE  THE  AIR  FORCE 
STRUCTURAL  INTEGRITY  PROGRAM 

•  USE  EMERGING  NDE  TECHNOLOGY  FOR 
ASSESSING  THE  EXTENT  OF  HIDDEN  CORROSION 

•  PERFORM  TEARDOWN  INSPECTIONS  AND 
ANALYSES  AS  APPROPRIATE  TO  DETERMINE 
THE  TIME  OF  ONSET  OF  WFD 

•  DEVELOP  THE  EXTERNAL  AND  INTERNAL  LOADS 
TECHNOLOGY  THAT  WOULD  BE  SUITABLE  FOR 
MAKING  DAMAGE  TOLERANT  REPAIRS  AND 
MODIFICATIONS 

ASCAAOSB4 


CONCLUSIONS 


•  ASIP  HAS  BEEN  SUCCESSFUL  IN  REDUCTION 
OF  SAFETY  OF  FLIGHT  PROBLEMS  FOR 
OPERATIONAL  AIRCRAFT 

•  SOME  CHANGES  ARE  NECESSARY  TO  ENSURE 
THAT  NEW  WEAPON  SYSTEMS  ARE  BEING 
DESIGNED  TO  ACCOMMODATE  NEW  TECHNOLOGY 
AND  LESSONS  LEARNED  FROM  THE  PAST 

•  SOME  CHANGES  ARE  NECESSARY  TO  ENSURE 
THAT  AGING  WEAPON  SYSTEMS  ARE  BEING 
MAINTAINED  IN  THE  MOST  ECONOMICAL 
MANNER 
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OVERVIEW  OF  WRIGHT 
\BORATORY  MATERIALS 
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Thomas  D.  Cooper 

Chief,  Systems  Support  Division 

Materials  Directorate 

Wright  Laboratory 

17  May  94 


.  WRIGHT  LABORATORY 
MATERIALS  DIRECTORATE 

OUTLINE 


Overview  of  the  Materials  Directorate,  Wright 
Laboratory 

Technical  Program 

Special  Emphasis  Areas  (SEAs) 

Support  for  Aging  Aircraft 

-  NDE 

-  Corrosion  Control/Protective  Coatings 

-  Composite  Supportabiiity 

-  Composite  Repair  of  Metals  Structures 

-  Sealants 

-  Failure  Analysis 

Conclusions 
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WRIGHT  LABORATORY 
MATERIALS  DIRECTORATE 

ML  ORGANIZATION 


DIRECTOR 
DR.  V.  J.  RUSSO 
DEPUTY  DIRECTOR 
COL.  R.  E.  CHANNELL 


CHIEF  SCIENTIST 
DR.  H.  M.  BURTE 


R&D  CONTRACTING  (MLK) 
MICHAEL  WEAVER 


MATERIALS  PROGRAM  CONTROL  (MLC) 
MR.  S.  R.  MILLER 


NONMETALLIC 
MATERIALS 
DIVISION  (MLB) 
DR.  C.  E.  BROWNING 


METALS  & 
CERAMICS 
DIVISION  (MLL) 
MR.  R.  L  RAPSON 


ELECTROMAGNETIC 
MATL  S  &  SURVIVABILITY 
DIVISION  (MLP) 

MR.  W.  R.  WOODY 


SYSTEMS 
SUPPORT 
DIVISION  (MLS) 
MR.  T.  D.  COOPER 


INTEGRATION  & 
OPERATIONS 
DIVISION  (MLI) 

MR.  J.  R.  WILLIAMSON 


WRIGHT  LABORATORY 
MATERIALS  DIRECTORATE 


MATERIALS  DIRECTORATE  FACILITY 


386,000  Square  Feet 


>$100,000,000  Brick  and  Mortar  Built 
in  Mid  ’80s 


>$125,000,000  Equipment 
Replacement  Value 


•  Designed  Specifically  for  Materials 
and  Processes  R&D 


WRIGHT  LABORATORY 
MATERIALS  DIRECTORATE 


WRIGHT  LABORATORY 
MATERIALS  DIRECTORATE 


SUPPORT  FOR  AGING  AIRCRAFT 


NDE  (To  be  Presented  by  Tobey  Cordell) 
Corrosion  Control/Protective  Coatings 
Composites  Supportabiiity 
Composite  Repair  of  Metal  Structures 
Sealants 
Failure  Analysis 


CORROSION  CONTROL 
_ WL/MLS  SUPPORT _ 

CORROSION  PREVENTION  ADVISORY  BOARDS 
CONSULTATIONS,  EVALUATIONS,  AND  PROBLEM  SOLVING 
INPUT  TO  AF  WIDE  CORROSION  SUMMARY 
MAINTENANCE 

••  OPERATIONAL  COMMAND  CORROSION  SURVEYS 
••  UPDATE  TECHNICAL  ORDERS,  SPECIFICATIONS, 
STANDARDS 


CORROSION  DATA  BASE  ON  EMERGING  MATERIALS/ 
PROCESSES 

••  STRUCTURAL  MATERIALS 
••  COMMERCIAL  PRODUCTS  AND  PROCESSES 
••  HAZARDOUS  MATERIALS  SUBSTITUTIONS 


WL/MLSA  ON-GOING  CORROSION 
CONTROL  ACTIVITIES 


ENVIRONMENTAL.  HEALTH.  SAFETY  RELATED 
COATINGS 

••  LOW  VOC  POLYURETHANE  TOPCOATS 
••  LOW  VOC,  CHROMATE  FREE  PRIMER 
••  ELECTROCOAT  PRIMER 
••  POWDER  TOPCOAT 
••  LOW  VOC  FUEL  TANK  COATING 

SURFACE  PRETREATMENTS 
••  ALUMINUM 
••  MAGNESIUM 


WRIGHT  LABORATORY 
MATERIALS  DIRECTORATE 


GOALS/SUBGOALS  FOR  WL’S  PAINT/COATING  TEAM 


GOALS 

Develop  List  of  Potential  Projects 
Develop  S&T  Strategy  for  Coating  Systems 


SUBGOALS 

Define  Future  Enviro  Compliance  Requirements 
Establish  Min  Coating  Performance  Standards 
Examine  Alternative  Surface  Protection  Methodologies 

Quantify  Impact  of  New  Methodologies  on  Structural 
Integrity,  IR  Signature,  Etc. 

Examine  Why  Paint/Depaint 


WRIGHT  LABORATORY 
MATERIALS  DIRECTORATE 


WRIGHT  LABORATORY 
MATERIALS  DIRECTORATE 

TECHNOLOGY  THRUST 
INTEGRATED  PRODUCT  TEAMS 


TTIPT  1 :  Materials  and  Processes  for  Structures,  Propulsion  and  Subsystems 
Subthrust  1.A:  Carbon-Carbon  &  Thermal  Protection 
Subthrust  1.B:  Nonmetailic  Structural  Materials 
Subthrust  1.C:  Nonstructural  Materials 
Subthrust  1.0:  Metallic  Materials 
Subthrust  1.E:  Ceramics  &  Very  High  Temp  Materials 

TTIPT  2:  Materials  and  Processes  for  Electronics,  Optics  and  Survivability 
Subthrust  2.A:  Electronic  and  Optical  Materials 
Subthrust  2.B:  Survivable  Materials 

TTIPT  3:  Materials  and  Processes  for  Systems  and  Operational  Support 
Subthrust  3.A:  Nondestructive  Evaluation 
Subthrust  3.B:  Systems  Support 


COMPOSITES  SUPPORTABILITY 

GOALS 


IMPROVE  SUPPORTABILITY  OF  EXISTING 
COMPOSITE  MATERIALS 


•  IMPROVE  SUPPORTABILITY  OF  FUTURE 
COMPOSITE  MATERIALS 

•  REDUCE  SUPPORT  COST  OF  AGING  AIRCRAFT 


DEVELOP  ABDR  CAPABILITY  OF  COMPOSITES 


COMPOSITES  SUPPORT ABILITY 

EXISTING  COMPOSITE  MATERIALS 

TECHNOLOGY  DEVELOPMENT 
HEAT  DAMAGE  OF  COMPOSITES 
HOT  BONDER  DEVELOPMENT/TRANSITION 
LOW  TEMPERATURE  CURING  RESINS/ADHESIVES 
REPAIR  MATERIALS  EVALUATION 


COMPOSITES  SUPPORT ABILITY 

HEAT  DAMAGE  OF  COMPOSITES 


OVERALL  AIR  FORCE  PROGRAM  OBJECTIVES 


•  TO  DEVELOP  A  FUNDAMENTAL  UNDERSTANDING 
OF  THE  EFFECTS  OF  OVER  HEAT  DAMAGE  (NOT 
DESIGNED  FOR)  ON  COMPOSITE  MATERIALS  FOR 
MILITARY  AIRCRAFT  STRUCTURE 


•  TO  DEVELOP  AN  OPERATOR’S  ASSESSMENT 
GUIDE  WHICH  CAN  ASSIST  IN  THE  EVALUATION 
OF  HEAT  DAMAGE  IN  COMPOSITE  MATERIALS 


Standardized  Hot  Bonded  Repair  System  Improves  Maintenance  of  Composites 


NEED:  Eliminate  the  Inconsistent  application 
of  hot  bonded  repair  systems  used  by 
the  Air  Force. 

APPROACH:  Government  and  Industry  composite 
repair  experts  teamed  together  to 
evaluate  not  bonded  repair  systems 
and  develop  standard  specifications 
for  use  throughout  the  Air  Force. 

APPLICATION:  Standardized  hot  bonded  repair 
specifications  are  now  used  by 
the  Air  Force  for  composite 
structure  repairs. 

Reduces  training,  maintenance,  and 
system  reliability  problems. 


Expected  to  save  $6  million  over 
a  10-year  period. 


•  TODAY’S  AGING  SYSTEMS  ARE  OF  METAL  CONSTRUCTION 


•  COMPOSITES  PLAY  A  LARGE  AGING  SYSTEMS  ROLE 

•  REPAIR/ENHANCEMENT  WITH  COMPOSITE  “PATCHES” 

•  SUBSTITUTION  FOR  CURRENT  METAL  PARTS 


•  PROBLEMS  WILL  INCREASE  AS  FLEET  CONTINUES  TO  AGE 


•  OO-ALC 

•  F-1 6  FUEL  VENT  HOLE  AND  SPEED  BRAKE 

•  MLSE  SILANE  AND  M&P  TECHNOLOGY 

•  F-4 

•  POTENTIAL  FOR  USE  OF  MLSE  SILANE  TECHNOLOGY 

•  WR-ALC 

•  C-141  WEEP  HOLE  REPAIR 

•  MLSE  SILANE  AND  M&P  TECHNOLOGY 

•  GENERIC  “HAVE  PATCH  WILL  TRAVEL”  EFFORT 

•  C-1 41  ALUMINUM/KEVLAR  TRAILING  EDGE 


WRIGHT  L/;QO::.;lCK 
MATEHIALS  DfltLt:  IOIU. 


TECHNOLOGY  TRANSITION 


Composite  Patch  Repair  Process  To  Speed  Aircraft 

Save  Millions 


Maintenance, 


ACHIEVEMENT 

Demonstrated  permanently  bonded 
composite  patches  to  repair  aircraft 
metal  skin  and  structure 


BENEFITS 

•  Saves  S20  thousand  for  each  F-16 
requiring  repairs 

•  Reduces  aircraft  ground  time  and  can 
be  performed  In  the  field 

•  Reduces  metal  panel  and  skin 
replacement 

•  Permanent  repair 


F-15  FUEL  LEAKS 


PROBLEM 


•  CONUS  IS  CONVERTING  FROM  JP-4  FUEL  TO  JP-8 

•  CALIFORNIA  AND  NEVADA  CONVERTED  OCT  93 

•  F-15  S  AT  NELLIS  AFB  WERE  SEVERELY  AFFECTED  BY  THE  CHANGE 

•  IN  FEBRUARY  37  OF  39  AIRCRAFT  WERE  GROUNDED  FOR  FUEL 
LEAKS 

•  RED  FLAG  EXERCISES  WERE  SEVERELY  HANDICAPPED 

•  F-15  WEAPONS  SCHOOL  HAD  TO  CANCEL  CLASSES  FOR  THE  FIRST 
TIME  IN  30  YEARS 


F-15  FUEL  LEAKS 


CAUSE 

•  JP-8  EVAPORATES  SLOWER  THAN  JP-4 

•  JP-8  CAUSES  THE  SEALS  AND  SEALANT  TO  SHRINK 

•  EXCESSIVE  GUN  PRESSURES  WERE  USED  TO  INJECT  SEALANT 

•  SEALANT  NOT  ABLE  TO  BRIDGE  GAPS  IN  FAYING  SURFACES 


F-15  FUEL  LEAKS 


BACKGROUND  WORK 

•  IN  1986  F-15  FUEL  LEAKS  WERE  EXPERIECED  WITH  JP-5 

•  AN  IN-HOUSE  EFFORT  WAS  ESTABLISHED  TO  DETERMINE  THE 
CAUSE 

•  WORK  WAS  DONE  BY  A  SEALANT  MANUFACTURER  TO  DEVELOP 
TWO  NEW  SEALANTS 

•  THESE  SEALANTS  WERE  TESTED  IN-HOUSE 


F-15  FUEL  LEAKS 


SHORT  TERM  SOLUTION 


•  USE  NEW  SEALANTS  THAT  WERE  PREVIOUSLY  DEVELOPED 

•  DIFFERENT  SEALANT  APPLICATION  TECHNIQUES  WERE  USED 

•  RE-EVALUATE  LEAK  CRITERIA  IN  DRY  BAYS 

•  BY  END  OF  FEBRUARY,  ONLY  ONE  AIRCRAFT  WAS  GROUNDED 

LONG  TERM  SOLUTION 


A  DEPOT  PROGRAM  IS  BEING  DEVELOPED  TO  REPAIR  THE  BLOWN 
CHANNELS 

WORK  WITH  DEPOT  ENGINEERS  TO  SPECIFY  THE  SELANTS  USED 
AND  THE  APPLICATION  PROCESS 


MISSION 


PROVIDE  FAILURE  ANALYSIS/TECHNICAL 
CONSULTATION  ON  STRUCTURAL  AND 
ELECTRONIC  SYSTEMS,  SUBSYSTEMS, 
AND  COMPONENTS  ON  A  QUICK 
REACTION  BASIS  TO  PRIMARILY  AIR 
FORCE  BUT  WHEN  REQUESTED  TO  ALL 


Fuel  Probe  Failure  Analysis  Prevents  Possible  Grounding  of  T-37  Aircraft  Fleet 


NEED: 


APPROACH: 


APPLICATION: 


Eliminate  potential  safety  hazard 
caused  by  improperly  functioning 
fuel  probes  on  T-37  aircraft. 

ML  analysis  of  failed  fuel  probes 
revealed  a  materials  degradation 
process  between  the  fuel  probes' 
silver  plated  wiring  and  residual 
sulfur  in  jet  fuel. 

Recommended  improved  fuel 
probe  design  and  new 
maintenance  procedures. 

Using  ML  recommendations, 

San  Antonio  ALC  engineers 
effectively  managed  the  fuel 
probe  problem  without  having 
to  ground  the  aircraft. 


WRIGHT  LABORATORY 
MATERIALS  DIRECTORATE 
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CONCLUSIONS 


Materials  and  Processes  Technology  is  Critical 
for  Extending  Life  of  Aging  Aircraft 

WL/ML  has  a  Broad  Ranging  Program 
Addressing  These  Problems 

Transitioning  Technology  to  ALCs,  Operating 
Commands  has  High  Priority 

More  Research  and  Development  Required  to 
Provide  Needed  Technology 
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NDE  R&D  Goals 


•  Reduce  operations  and  maintenance  costs  of  AF  weapons 
systems  via  enhanced  NDI/E  technology 

-  Improve  existing  and  develop  new  technologies  for  detection  of 

potential  failure-causing  defects 

-  Provide  novel  nondestructive  materials  and  process 

characterization  /  evaluation  methodologies 


•  Ensure  rapid  NDI/E  technology  transition  to  ALC  customers  via 

effective  coordinated  use  of  6.3  advanced  development 

•  Create  customer  satisfaction  via  involving  customers 

aggressively  in  the  program  selection  and  decision-making 
processes 
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REORGANIZED  AIR  FORCE 

AIR  FORCE 
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STRUCTURES 

1 

1 

SYSTEMS 

SUPPORT 

1 

1 

METALS  & 

CERAMICS 

1 

1 - 1 

NDE 

APPLICATIONS 

NDE 

R&D 

CHANGING  AF  WEAPON  SYSTEM  POSTURE 


ENHANCE  MANAGEMENT  OF  CURRENT  SYSTEMS 

Airframes  (C-141,  C-5,  C-130,  F-16,  F-15) 

Engines  (FI 00  RFC,  F1 10  ENSIP) 

INCREASED  focus  on  SLEP  with  ASIP  /  ENSIP 

NEW  SYSTEMS  ACQUISITION  DECELERATING 

C-17  -  40  AIRCRAFT 

B-2-  SMALL  FLEET(20)  -  NOT  AT  DEPOT 

F-22  -  IOC  DELAYED  TO  ? 

INCREASING  LOW  OBSERVABLES  REQUIREMENTS 

F-117  /  F-16 /B-1B/SOF/ ACM  /  B-2  /  F-22 /OTHERS 
SIGNATURE  SUPPORTABILITY  PROBLEMS 


Air  Force  Aging  Aircraft 


ACTIVE 

AGE  IN  YEARS 

DUTY 

FLEET 

0-6 

7-12 

13-18 

18-24 

24+ 

AVG 

A-10 

180 

42 

11.2 

B-52 

148 

31.4 

C-9 

32 

3 

21.5 

KC-10 

12 

47 

7.7 

C-130 

30 

9 

51 

77 

167 

21.9 

C-135 

479 

30.9 

C-141 

241 

26.1 

F-15 

241 

249 

194 

4 

8.3 

F-16 

744 

102 

20 

3.7 

F-111 

12 

188 

32 

21.5 

T-37 

77 

427 

29.8 

T-38 

177 

508 

26.1 

Source:  Air  Force  Magazine,  May  1993 
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FOCAL  AREA  4  TEAM  MEMBERS  /  CHANGES 


MLLP 


T.  CORDELL 
M.  BLODGETT 
C.  BUYNAK 
C.  FIEDLER 
G.  JABLUNOVSKY 
TCKENT - 1 


L.  MANN 
T.  MORAN 


C.  VICKERS  1 


MLSA 


G.  HARDY 
J.  BRAUSCH 


MLSS 


J.  SIERON 


MUM 


S.  RUEGGSEGER 


FIB 


C.  PAUL 
J.  BURNS 


NAVY 


V.  AGARWALA 


FOCAL  POINT 

X-RAY,  ULTRASONIC  TECHNOLOGY 
COMPUTED  TOMOGRAPHY,  UT 
OPTICS,  LASER-GENERATED  UT 
EDDY  CURRENT,  LO,  AGING 
OPTICAL  METROLOGY 
IMAGE  ENHANCEMENT  AND  ANALYSIS 
WUD  LEADER 
ASC,  UT 


ALC  SUPPORT 
PROCESS  PLANNING 


JDL  RELIANCE 
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FOCAL  AREA  4  CUSTOMER  INVOLVEMENT 


ASC 


EN  J.  LINCOLN,  A/C  STRUCTURES 
SM  S.  VUKEL1CH,  ENGINES 

MANTECH 

D.  BREWER,  REPTECH 
T.  SWIGART,  NDI 
S.  RICKLES,  ENGINES 

WRIGHT  LABORATORY 

XPN,  J.  POTTER,  LO  APPLICATIONS 
XPT,  C.  KROPAS,  MOBILITY  TPIPT 
XPT,  J.  KUZNIAR 


SM-ALC 

A.  ROGEL 

D.  FROOM  ,  D.  BAILEY 

WR-ALC 
D.  HAZEN 
N.  WOODWARD 

SA-ALC 

G.  BURKHARDT.  R.  GA 
R.  PAGL1A  (AF  NDI) 

M.  PAULK _ 

OO-ALC 

J.  HOUSEKEEPER 
A.  McCARTY 

OC-ALC 

C.  MOORE.  J.  WHITTAK 

D.  NIESER  (KC-135)  | 


USAF  NDI  IPT 

AF  NDI  Program  Office 
(SA-ALC /LDN) 

R.  PAGL1A 

CAPT  C  GUYER 

M.  PAULK 

|  K.  CORREALE 

CMS  S.  PALUMBO 

SMS  D.  LOCKE 

SM-ALC,  A.  ROGEL 

WR-ALC,  D.  HAZEN 

SA-ALC,  G.  BURKHARDT, 

OO-ALC,  J.  HOUSEKEEPER 

OC-ALC,  C.  MOORE 

ACC,  CMS  J.  MILLER 

HQ  AFMC 

SMS  G.  MONGELLI 

AMC,  MS  B.  SCHMIDT 

WL 

ANG,  T.  NAGY 

TOBEY  CORDELL 

CAPT  G.  JABLUNOVSKY 

AF  Res,  MS  D.  WILSON 

SUBSYSTEMS  SPO  (ASC/SM) 

SitiB  9 


LOGISTICS  NEEDS  (RANK  ORDERED) 


ASIP  CONFERENCE  -TACTICAL  FIGHTERS 


F- 16  1 

BULKHEAD  /  FUEL  SHELF  CRACKING 

SIGNIFICANT  INCREASE  IN  SEVERITY  OF  USAGE 
SAFETY  LIMITS  REDUCED 

-  INSPECTION  INTERVALS  REDUCED 
LESSONS  LEARNED 

-  POOR  HOLE  QUALITY  IN  BULKHEAD  HOLES 

-  INITIAL  CRACKS  ALL  STARTED  NEXT  TO  HOLES 

FATIGUE  LIFE  EXTENSION  VIA  COLD-EXPANSION  OF  HOLES 

f-is  h 

- 

LOWER  WING  SPAR  CRACKING 
CURRENTLY  INACCESSIBLE 

-  NECESSITATES  REMOVAL  OF  UPPER  WING  COVER 
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ASIP  -  EXTENDED  SERVICE  LIFE  TRANSPORTS 


C-141  |] 

WING  SPLICE  -  STATION  405  - - - >  J 

MSD  -  FATIGUE  CRACKING  AT  MULTIPLE  SITES 
CURRENT  FORCE  AVERAGE  34,000  HRS 

DECISION:  CONTINUE  WITH  RELIABLE  INSPECTIONS  AND  REPAIR 
INSPECTION  DECREASES  PROBABILITY  OF  FAILURE  TENFOLD 

C-130  |] 

WING  DURABILITY  v - 

'86  &  ON  -  2  TO  3  TIMES  AS  SEVERE  USAGE 
3  MAJOR  CENTER  WING  REVISIONS 
5  MAJOR  OUTER  WING  REVISIONS 
NEW  STRUCTURAL  TESTS 
SIGNIFICANT  CRACKS  DETECTED  VIA  NDI 
SEVERAL  REPAIR  APPROACHES  INCLUDE  COMPOSITES 
NDI  TECHNIQUES  BEING  DEVELOPED  AS  REQUIRED 
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APPROACH  to  Corrosion  Detection 


ALCs  evaluating  current  equipment  to 
detect  >10%  material  loss 

•  ML  transitioning  near-term  technologies 
for  <  10%  material  loss 

•  ML  developing  NEW  TECHNOLOGIES  for 
NASCENT  corrosion  DETECTION  and  corrosion 
DISCRIMINATION 


•  COOPERATIVE  EFFORT  WITH  NAVAL  AIR 

WARFARE  CENTER 

•  DEVELOPMENT  OF  CORROSION  SPECIFIC 

SENSORS 

•  THIN  FILM  GALVANIC  SENSORS 

•  CORROSION  SENSITIVE  COATINGS 

•  APPLICATION  HAS  SOME  LIMITATIONS 

•  LEVERAGING  FUNDS  3  YRS 

•  CUSTOMER  =  OC-ALC  /  INSTALLING  ON  KC-135 
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FY93  NEW  START  PRDA 


•  NOVEL  NDE  METHODS  FOR  CORROSION  DETECTION 

-  IDENTIFY/ASSESS  FEASIBILITY  OF  NOVEL 

CORROSION  DETECTION  AND 
CHARACTERIZATION  METHODS 

-  PRDA  ALLOWS  SELECTION  OF  MULTIPLE 

APPROACHES 

*  PAYOFF:  REDUCED  OPERATIONAL  MAINTENANCE 

COSTS  THROUGH  EARLY  DETECTION  AND 
TRACKING  OF  CORROSION 
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HIGH  RES  RTR  ADV  DEVELOPMENT 


OBJECTIVE:  DEVELOP  PROTOTYPE  REAL-TIME  RADIOGRAPHIC 

IMAGING  SYSTEM  WHICH  DEMONSTRATES  VIABILITY 
AND  CAPABILITY  TO  REPLACE  IN-FIELD  FILM 
TECHNIQUES 

CONTRACTOR:  LOCKHEED  MISSILES  AND  SPACE  CO. 

(F3361 5-91  -C-5623) 

APPROACH:  6.3  PROGRAM  BASED  ON  6.2  DEVELOPMENTS 

TASK  I  -  BOlLD  AND  EVALUATE  CORE  SYSTEM 
TASK  II  -  BUILD  AND  EVALUATE  BRASS  BOARD  SYSTEM 
TASK  III  -  BUILD  AND  EVALUATE  PROTOTYPE 
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HIGH  RES  RTR  ADV  DEVELOPMENT 


GOALS  |j 

•  REPLACE  FILM  —►LOWER  COST,  FASTER,  INCR  DYNAMIC  RANGE 

•  ELIMINATE  HAZARDOUS  WASTE  (NO  PROCESSING  CHEMICALS) 

•  PROVIDE  DIGITAL  DATA  ANALYSIS  /  ARCHIV  ING 


PARAMETER 

CURRENT 

TASK  I  EXPECTED 

TARGET 

SPATIAL  RESOLUTION 

10 

(Ip/mm) 

10 

20 

CONTRAST  SENSITIVITY 

1% 

.3% 

.1% 

DYNAMIC  RANGE 

3000 

3500 

>3000 

IMAGE  ACQUISITION  TIME 

10 

(Seconds) 

5 

1 

FIELD  OF  VIEW  (Inches) 

2x2 

4x4 

4x4 

WRIGHT  LABORATORY 


Presented  at  Second  Air  Force  Aging  Aircraft  Conference 
Oklahoma  City  Air  Logistics  Center 
Tinker  AFB,  OK 
17  -  19  May  1994 


OUTLINE 


•  Background  on  importance  of  structural  life  enhancement 

•  Description  of  structural  life  enhancement  research 

-  Aging  aircraft 

-  Structural  integrity  of  composites 

-  Dynamics  &  loads 

•  Payoffs 


AVERAGE  AGE  (YEARS; 


AIR  FORCE  AGING  AIRCRAFT 

(AS  OF  30  SEP  92) 


WFD/MSD/MED 


TITLE 


Widespread  Fatigue  Damage 

Development  of  Analysis  Melhods  for 
Prediction  of  Multi-Site  Damage  and 
Crack  Coalescence  (W.G.  2) 

Analysis  Methods  of  the  Detrimental 
Effects  Due  to  WFD 

Determination  of  Initial  Quality  for 
Structural  Life  and  Risk  Analyses 


Crack  Formation  and  Growth  from 
Manufacturing  and  Service-Induced 
Defects  (W.G.  3) 


3-D  Nonlinear  Fracture  Predictions  (W.G.  2)  6.1 


MODGRO  -  Upgrade 
Fracture  Mechanics  Analysis 

Application  of  Risk  Analysis  to  MSD 
PROF  -  Upgrade 


FISCAL  YEAR  ($K) 


.E.  93  94  95  96  97  98  99 


LEGEND: 


L  .-I  Wright  Lab  Funding  I  I  Over-Ceiling  Requirements 

I  I  Supplemental  Funding  I  I  Outside  Activities 


■rmririniTfui  rr 

non  a  i  vc  a  n  — 1 

rlvivAL  YtAR 

TITLE 


Damage  Tolerance  Handbook  •  Upgrade  SJ2 
Integrated  Analysis  -  Fuselage  NASA 

Structures  Demonstration  tor  WFD  «  ~l 


WFD  Data  Base  for  Aging 
Aircraft  Service  Experience 

F-15  Fatigue  Test 


&2 

S.4/ASC 


■ 

■ 

■ 

1 

1 

E 

g 

i 

BgaasE^Bj 


LEGEND:  □  Wright  lab  Funding  □  Over-Ceiling  Requirements 

I  1  Supplemental  Funding  I  I  Outside  Activities 


CORROSION /FATIG 


TITLE 


ili 


Degradation  Due  to  Mechanical 
and  Environmental  Loading  (W.G.  4) 

Corrosion  and  Fatigue  of  Aluminum 
Alloys:  Chemistry,  Micromechanics 
and  Reliability  (W.G.  4) 

Analysis  Methods  for  Corrosion/ 
Fatigue 

Corrosion/  Fatigue  Interaction 

Environmentally  Assisted  Fatigue 

Effects  of  Corrosion  on  Fatigue 
Crack  Propagation 


Fretting  Corrosion  at  Riveted  and 
Pinned  Connections  (W.G.  3) 

Analysis  Methods  for  Fretting  Fatigue 
and  Corrosion 

Durability  Handbook-Upgrade 


FISCAL  YEAR  ( 


.E.  93  94  95  96  97  98  99 


6.2 

6.2/FAA 

6.2/ASC 


( 

PROF/  \ 
MOOGHO/ 

LEGEND:  !  •  I  Wright  Lab  Funding  I  I  Over-Ceiling  Requirements 

Supplemental  Fundln 


Outside  Activities 


CORROSION  /  FATIGUE 


TITLE 


Adv.  Instrumentation  (or  Detection 
ol  Defects  and  Corrosion.  Including 
Laser-Based  Ultrasonics,  Optical  NDE 
and  Backscattering  (W.O. 1) 

Sensor  Development  (or  a  Health 
Monitoring  System 


Sensor  Development  tor  Corrosion 
and  Corrosive  Environments 

Corroslon/Fatlgue  Environmental  Test 
Techniques 


Corroslon/Fatlgue  Oata  Base  I  or 
Aging  Aircraft  Service  Experience 


FISCAL  YEAR  ($K) 


.E.  93  94  95  96  97  98  99 
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REPAIR  INTEGRITY  ANALYSIS 

AND  AIRWORTHINESS  VERIFICATION  FISCAL  YEAR  ($K) 


TITLE 

P.E. 

Bonded  Composite  Repair 

FAA 

Composite  Patch  Repair  of  Metallic 
Structures 

8.1 

Advanced  Composite  Repair  of  Metallic  Str. 

6.2 

Analysis  and  Airworthiness  Verification 
of  Composite  Repairs  for  Metallic  Str. 

8.2 

Composite  Repair  of  Metallic  Structure 

6.3 

Repair  Technology  Handbook 

8.2 

Advanced  Technology  Redesign  of  Highly 
Loaded  Structures 

6.3 

External  &  Internal  Loads  Handbook 

6.2 

Force  Management  Handbook-Upgrade 

6.2 

Repair  Data  Base  for  Aging  Aircraft  Service 
Experience 

6.2 
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LIFE  ENHANCEMENT 
TECHNIQUES 


FISCAL  YEAR  ($K) 


STRUCTURAL  INTEGRITY  OF 
COMPOSITES 


\ 

TENSION  PRELOADED  IMPACT 


25  PERCENT  PRELOAD 

* 


STRUCTURAL  INTEGRITY 


LEGEND:  LlJ  Wright  Lab  Funding  I  I  Over-Ceiling  Requirements 

□  Supplemental  Funding  d]  Outside  Activities 


9SOJ7C 


DYNAMICS  &  LOADS 


DYNAMICS  &  LOADS  FISCAL  YEAR  ($K) 


LEGEND: 


I  1  Wright  Lab  Funding  I  I  Over-Ceiling  Requirements 

|  1  Supplemental  Funding  I  I  Outside  Activities 
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STRUCTURAL  LIFE  ENHANCEMENT 
PAYOFFS 


Increased  Structural  Safety 

Want  to  prevent  an  AF  Aloha 

Reduced  Acquisition  Costs 

Extend  structural  life 
Delay  replacement  of  fleet 

Reduced  Operational  Costs 

Early  detection/repair  vs.  late  detection/replace 

Bonus:  Increase  Operational 
Readiness 


SUMMARY 


•  Increase  in  importance  of  structural  life  enhancement  research 

-  Limited  number  of  new  weapon  systems 

•  Aging  aircraft  must  remain  in  service  much  longer 
than  anticipated 

-  Must  insure  structural  integrity  of  aging  aircraft 

•  WL  research  plan  developed  that  addresses  structural  life 
enhancement  issues 

-  Aging  aircraft 

-  Structural  integrity  of  composites 

-  Dynamics  &  loads 


The  National  Aging  Aircraft 


ACD/D  J5/00 1/94.5 


FAA  Aging  Aircraft  Program 


Overview 


•  Background 

•  Issues 

•  Goals 

•  Program  Plan 

•  Objectives  /  Tasks 

•  Accomplishments 


Background 


June  1988 
November  1988 
May  1989 
October  1990 
July  1992 
October  1993 

October  1993 
June  1995 


International  Aging  Airplane  Conference  (1) 
Aviation  Safety  Research  Act  /  Research  Initiation 
FAA  Research  Program  Plan 
Center  for  Aviation  Systems  Reliability 
Non-Destructive  Inspection  (NDI)  Validation  Center 
Center  for  Computational  Modeling  of  Aircraft 
Structures 

FAA  Research  Program  Plan  Update 
International  Aging  Airplane  Conference  (6)  — 
(Planned) 


- . 

Aviation  Safety  Research  Act  of  1988 


Directs  FAA  to: 

•  Develop  Technologies  and  Conduct  Data  Analysis  for 
Predicting  the  Effects  of  Aircraft  Design,  Maintenance, 
Testing,  Wear,  and  Fatigue  on  the  Life  of  Aircraft  and 
Air  Safety 

•  Develop  Methods  of  Analyzing  and  Imposing  Aircraft 
Maintenance  Technology  and  Practices,  Including 
NDI  of  Aircraft  Structures 


Issues 


Increased  Frequency  of  Cracking  in  Uniformly  Stressed  Areas 
Leading  to  Multi-Site  Damage  that  Causes  Large  Cracks  to  Form 
More  Rapidly  Than  Is  Acceptable  from  a  Damage  Tolerance  and 
Detection  Viewpoint 

Increased  Frequency  of  Cracking  in  Isolated  Regions  of  the 
Structure  Coupled  with  a  High  Probability  that  These  Cracks  Will 
Be  Undetected  during  Periodic  Inspections 

The  Acceleration  of  Fatigue  by  Corrosion 

The  Effects  of  Multiple  Repairs 


Basic  Questions 


•  How  Long  Can  Structural  Life  Be  Extended? 

•  Is  the  Current  System  Adequate? 

(Techniques,  Methodologies,  and  Analyses  Used  In 
Design,  Manufacture,  Maintenance,  and  inspection) 

•  What  System  Is  Appropriate  for  the  Future? 


Source:  Boeing  World  Jet  Airplane  Inventory.  Year-End  1993 


Years  Old  in  the  U.S.  Fleet  as  of  Year-End  1993 


Source:  Boeing  World  Jet  Airplane  Inventory,  Year-End  1993 


Program  Goals 


•  Develop  Technology  for  Service  Life  Assessment  and 
Extension  for  Metallic  Structures 

•  Develop  New  and  Enhance  Existing  Maintenance,  Repair 
and  Inspection  Techniques 

•  Integrate  and  Modernize  FAA  Information  Systems 
and  Databases 

•  Develop  Improved  Design  and  Manufacturing 
Procedures  for  Future  Fleet 


National  Aging  Aircraft  Research  Program  Plan 


Structural  Integrity  Objectives 


•  A  “Quick  Response”  Test  Methodology 

•  Database  and  Models  of  Crack  Growth,  Corrosion,  and  MSD 

•  Analytical  Approach  for  Inspection  Interval  Determination 


Structural  Integrity  Research  Tasks 


Project 

Tasks 

Completion 

Commuter  Structures 

Develop  Practical 

Analysis  Techniques 

1999 

Corrosion  and  Fatigue 

Quantify  Fatigue  and 

Corrosion  Interaction 

1996 

Engine  Life  Prediction 

Develop  Crack  Growth 

Based  Inspection  Requirement 

1999 

Widespread  Fatigue  Damage 

Develop  Methods  to 

Predict  WFD  Onset 

1998 

Repair  Effects 

Develop  User  Friendly 

Repair  Assessment  Tool 

2000 

Right  Loads 

Collect  Usage  Data 
for  Analysis  and  Design 

1997 

Schematic  of  Typical  Structural  Integrity  Effort 


Fatigue  and  Fracture  Mechanics  Compatible  Airframe  Repairs 
Uniformity  of  Repairs  and  Maintenance 
Understanding  of  New  Composite  Repair  Technology 
Corrosion  Control  and  Protection 


Maintenance  and  Repair  Research  Tasks 


Project 

Tasks 

Completion 

Repair  Procedure  Development 

Develop  New  In-Service 

Repair  Guidelines 

2000 

Alternate  Repair  Strategies 

Establish  Applicability  of 

Bonded  Composite  Repair 

1999 

Corrosion  Protection 

Procedure  Development 

Develop  New  Corrosion 

Control  Guidelines 

1998 

Job  Task  Analysis 

Develop  Basis  for 

AMT  Curriculum 

1998 

Proficiency  and 

Equipment  Standards 

Establish  Limits  for  Airframe  / 
Engine  Repair  Facilities 

1997 

NDI  Objectives 


•  Reliable  Crack  Detection 

•  Broad  Area  Crack  NDI 

•  Corrosion  Detection 

•  Bond  Quality  Measurement 

•  Consistent,  Quality  Inspector  Performance 


NDl  Technology  Development  Process 


■ - - - - - -  .  .  j 


*  Industry  /  Government  /  Academic 


Inspection  Research  Tasks 


Project 

NDl  Training 

Techniques  for  Raw  Detection 
Robotics 

Validation  Center 
Engine  Parts 
Visual  Inspection 
NDl  Reliability 


Tasks 


Provide  FAA  NDl  Training 

Develop  Reliable,  Cost- 
Effective  Methods 

Develop  Automated 
Inspection  System 

Validate  Inspection  Procedures 
and  Equipment 

Develop  Reliable  Cost- 
Effective  Methods 

Develop  Basis  for 
Technique  and  Aids 

Determine  System  Reliability 
(POD)  and  Effect 


Completion 

1996 

1997 

1996 

1998 

1997 

1995 


1997 


Information  System  Objectives 


•  Provide  Timely  Distribution  of  Safety  Critical  information 

•  Assist  Aviation  Safety  Inspectors  in  identifying  Problem  Areas 

•  Provide  Comprehensive  Risk  Assessment  Decision  Support 
Capability 


Information  System  Research  Tasks 


Project 

Tasks 

Completion 

Safety  Performance 

Develop  Automated  Safety 

Analysis  System  (SPAS) 

Information  Collection  System 

1996 

Safety  Information  Network 

Demonstrate  Integrated 

FAA  /  Industry  Network 

2000 

Major  Accomplishments 


Corrosion  Control  for  Airplanes 

Generation  of  Spectra  and  Stress  Histories  for 

Fatigue  and  Damage  Tolerance  Analysis 

September  1991 

of  Fuselage  Repairs 

General  Aviation  Airplane  Right  Loads  Data 

October  1991 

Analysis  and  Collection  Program 

December  1991 

Current  NDI  Methods  for  Aging  Aircraft 

Inspection  of  Fabricated  Fuselage  Panels  Using 

June  1992 

Electronic  Shearography 

July  1992 

Shearographic  Inspection  of  a  Boeing  737 

July  1992 

Actuarial  Trending  /  Component  Reliability  Study  and 
Engine  Case  NDI  Development  for  JT9D,  CF6,  and 

PT6  Turbine  Aircraft  Engines 

August  1992 

Major  Accomplishments 

(Continued) 


1  Damage  Tolerance  Assessment  Handbook 

1  Reliability  Assessment  at  Airline  Inspection 

Facilities,  Volume  1:  A  Generic  Protocol  for 

October  1992 

Inspection  Reliability  Experiments 

Reliability  Assessment  at  Airline  Inspection 

Facilities,  Volume  II:  Protocol  for  an  Eddy  Current 

March  1993 

Inspection  Reliability  Experiment 

May  1993 

Emerging  NDI  Methods  for  Aging  Aircraft 

Reliability  Assessment  at  Airline  Inspection  Facilities, 
Volume  III:  Results  of  an  Eddy  Current  Inspection 

June  1993 

Reliability  Experiment 

November  1993 

Visual  Inspection  for  Aircraft 

December  1994 

National  Aging  Aircraft  Research  Program 
1993  Research  Accomplishments 


National  Aging  Aircraft  Research 
Program  Plan 


r# 

e 

T  i 


October  1993 

US  Department  of  Transportation 

Federal  Armomm  Arlrai— irartia  TtchmcM  Center 

AUmuk  O17  ImimM  AirjM**.  ftl  MNS 


Dick  Johnson 
FAA  Technical  Center 


Telephone:  609  485-4280 


Fax:  609  485-4569 


AMJ1 


WR-ALC/TIED 

(912)  926-9835,  DSN  468-9835 
FAX  (912)  926-1743 


Like  old  age  in  people... 

Old  age  in  aircraft  is  accelerated  by: 

1 )  Increase  in  severe  usage; 

2)  Increase  in  gross  weight; 

3)  Improper  or  inadequate  maintenance; 

4)  Inadequate  protection  systems;  and, 

5)  Presence  of  widespread  fatigue  damage. 


OVERVIEW 

ACTIVITIES 


AIR  FORCE  LOGISTICS  CENTER 
PROGRAMS  IN  AGING  AIRCRAFT 


•  • 


STRUCTURES 


—  C-141 
•••  C-130 
•••  F-15 

•••  SOF 


••  CORROSION 

ISSUES 

CONCERNS 

SUMMARY 


ACTIVITIES 

Structures 


AIR  FORCE  LOGISTICS  CENTER 
PROGRAMS  IN  AGING  AIRCRAFT 


C-141 


••  WS  405  Chordwise  Splice  Repair 

••  Chordwise/Spanwise  @  WS  405 

••  Center  Wing  Box  Replacement 

••  Coral  Weep  Repair 

•••  Weep  Hole  Boron  Patch  Repair 
•••  Lower  Wing  Panel  Replacement 
•••  Ream/Coldwork  Weep  Hole 
••  FS  998  MLG  Hub  Frame  Replacement 


Man  Hrs 

No  Aircraft 

Total  No 

Total 

Per  Reoair 

Affected 

Of  Reoairs 

Man  Hrs 

1500 

244 

488 

732,000 

2000 

90 

180 

360,000 

10,000 

118 

118 

1,180,000 

100 

133 

500 

50,000 

2000 

48 

91 

182,000 

0.15 

244 

336,000 

50,400 

1500 

244 

488 

732.000 

TOTAL 

3,286,400 

ACTIVITIES 

Structures 


AJR  FORCE  LOGISTICS  CENTER 
PROGRAMS  IN  AGING  AIRCRAFT 


•  C-130 


••  Center  Wing  Box  Replacement  On 
Special  Operations  Aircraft 


Man  Hrs 
Per  Repair 

8000 


No  Aircraft 
Affected 

52 


Total  No 
Of  Repairs 

52 


Total 
Man  Hrs 

416,000 


••  Outer  and  Center  Wing  Durability  Test 

•••  5-Year  Test  at  Lockheed  Ontario  (Now  Complete) 

•••  AMC  C-130E  Test  Spectrum  (Severity  of  2.0) 

•••  Center  Wing  Demonstrated  45,000  SFH;  Outer  Wing  Demonstrated  3  Lifetimes 
••  5-Year  Fuselage  Durability  Test  Planned  To  Begin  FY96 


ACTIVITIES 

Structures 


AIR  FORCE  LOGISTICS  CENTER 
PROGRAMS  IN  AGING  AIRCRAFT 


F-15 

••  Fatigue  Test 

•••  A/B  Proof  of  Design 
•••  A/B/C/D  Economical  Life 
•••  F-15E 

••  Flight  Profile  Structural  Impact 

•••  High  AOA 
•••  High  G 
•••  High  Q 

••  Honey  Comb 
•  •  Advanced  Materials 
••  Field  Problems 


ACTIVITIES 

Structures 


AIR  FORCE  LOGISTICS  CENTER 
PROGRAMS  IN  AGING  AIRCRAFT 


Special  Operations  Forces 

••  Heavyweight  MH-53J  Pave  Low  III 

or  •••  Modifications 
«•  •••  Gross  Weight  Increase 
•••  Logistics  Plan 
•••  ACE/OCM  Program 

••  HH/MH-60G  Pave  Hawk 

tar  •••  Modifications  To  UH-60s 

«••«  Converts  10  Existing  UH-60s 
....  Procures  93  Additional  UH-SOs 

**■  •••  Gross  Weight  Increase  And  FWD  CG  Envelope  Expansion 
—  ASIP 


ACTIVITIES 

Corrosion 


AIR  FORCE  LOGISTICS  CENTER 
PROGRAMS  IN  AGING  AIRCRAFT 


•  Air  Force  Corrosion  Program  Office 

••  Job  1 :  Prevent,  Detect,  And  Control  Corrosion  & 
Minimize  Impact  Of  Corrosion  On  Air  Force  Systems 

••  Job  2:  Extend  Service  Life  Of  Air  Force  Systems 

••  Corrosion  Costs  Air  Force  $1+  Billion  Annually 

•••  Aging  Aircraft  Are  A  Major  Cost  Driver 

••  90%  Of  Toxic  &  Hazardous  Materials  Result  From 
Corrosion  Prevention  &  Control  Efforts 

••  Responsibilities  Include  (Among  Many  Others): 

•••  Coordination  of  Corrosion  Prevention  Advisory  Boards 
•••  Majcom  Surveys 


ACTIVITIES 

Corrosion 


AIR  FORCE  LOGISTICS  CENTER 
PROGRAMS  IN  AGING  AIRCRAFT 


•  The  Air  Force  Corrosion  Program 

••  Identified  Detection  Of  Hidden  Corrosion  As  A 
Technology  Void 

•••  Number  1  Logistics  Need  Since  1992 

•••  Identified  As  WR-ALC  Number  3  Priority  In  Early  1994 

••  Never  Funded 

•  Joint  NASA  And  WR-ALC  Hidden 
Corrosion  Detection  Initiative 

*•  NASA  Demonstrated  Thermal  Wave  Enhanced 
Thermography  To  WR-ALC  -  Nov  93 
WR-ALC  Purchased  Hardware  In  Mar  94 


•  • 


ISSUES 


AIR  FORCE  LOGISTICS  CENTER 
PROGRAMS  IN  AGING  AIRCRAFT 


Technical  Issues 

••  Most  Technical  Issues  Already  Identified  By 
FAA,  NASA,  &  Air  Force 

«ar  •••  Resolutions  Needed 

•••  Joint  Agency  Agreements  To  Work  On  Technical  Issues 

••  Generally  Long  Term  In  Nature 

•••  Conflict  With  Schedules/Costs 

••  No  Coherent  Air  Force  R&D  For  Aging  Aircraft 

—  APPN  3600  6.1,  6.2,  &  6.3  Funds 

•••.  APPN  3600  6.4  (Applied  Development)  Funds 


ISSUES 


AIR  FORCE  LOGISTICS  CENTER 
PROGRAMS  IN  AGING  AIRCRAFT 


Organizational  Issues 

••  Warrants  General  Officer  Steering 

Requires  Technical  Advisory  Oversight 

••  No  Specific  Air  Force  Organizational  Structure  For 
Generic  Aging  Aircraft  Issues 

•••  Coordination  Across  Program  Office  Disciplines 
«*■  Corrosion  «*■  NDI  **  ABDR  «•  Advanced  Composites 

•••  DoD  Regulations  Prevent  COD  Engineers  At  ALCs  From  Working 
Non-Operations  Projects,  i.e.,  Joint  Agency  Contracts 


ISSUES 


AIR  FORCE  LOGISTICS  CENTER 
PROGRAMS  IN  AGING  AIRCRAFT 


•  Funding  Issues 

••  Long  Term  Issues  Require  More  Than  1-Year  Funds 

«■  •••  ASIP  Traditionally  1-Year  Funded 

••  Congressional  Support  of  FAA  Aging  Aircraft  R&D 


Year 

FAA  Budaeted 

Conaressional  SuDolement 

Total 

FY91 

$6.049M 

$6.4M 

S12.449M 

FY92 

$13.225M 

$1.5M 

$14.725M 

FY93 

$20. 638 M 

SOM 

$20.638M 

FY94 

$24.033M 

$3.5M 

S27.533M 

FY95 

$22.089M 

— 

$22. 089 M 

••  NASA  Aging  Aircraft  R&D  **  FY91-FY98:  $45. 8M 

••  No  Separate  Air  Force  Funding  For  Aging  Aircraft 
R&D  Or  Applied  Development 

HQ  AFMC/EN’s  New  Start  Initiative  -  POM  Submittal  FY98 


CONCERNS 


AIR  FORCE  LOGISTICS  CENTER 
PROGRAMS  IN  AGING  AIRCRAFT 


•  Extending  Aircraft  Service  Life, 
Increasing  Gross  Weight,  And/Or 
Flying  Aircraft  More  Severely  Exact  A 
Toll  On  Aging. 

•  There  Are  Generic  Aging  Aircraft 
Issues  Needing  R&D  Resolutions. 

•  Can  A  Fewer  Number  Of  ALCs 
Continue  To  Do  More  Without  More 
Funds  To  Address  Aging  Aircraft? 


SUMMARY 


AIR  FORCE  LOGISTICS  CENTER 
PROGRAMS  IN  AGING  AIRCRAFT 


•  WR-ALC  Is  Very  Active  In  Aging 
Aircraft  Issues 

••  All  Our  Aircraft  Are  In  That  Category 

•  Technical  Issues  Generally  Identified 

••  Resolutions  Needed 

•  Air  Force  Should  Fund  Aging  Aircraft 
R&D  And  Applied  Development 

•  Funds  Are  Needed  ASAP 


ENGINE  STRUCTURAL  INTEGRITY 


RALPH  GARCIA 
SA-ALC/LADD 
KELLY  AFB,  TX 


THE  TWO  BASIC  CRITERIA  FOR  ENGINES  ARE: 


DURABILITY  -  ABILITY  TO  RESIST  CRACKING, 
CORROSION,  DETERIORATION,  AND  WEAR  FOR  A 
SPECIFIED  TIME  PERIOD 


DAMAGE  TOLERANCE  -  ABILITY  TO  RESIST  FAILURE  DUE 
TO  THE  PRESENCE  OF  FLAWS,  CRACKS  OR  OTHER 
DAMAGE  FOR  A  SPECIFIED  TIME  PERIOD 


HOW  IT’S  DONE 


ENSIP  TASKS 


MF0RMAT10N 


ENSW  MASTER 
PLAN 

DESKS  SERV. 
LM€  «  USAGE 
REOMACMEM1S 

DESKS  CROTEAU 


DESKS  ANAl. 

COMPHT.  A 
MAT  CHAAAC. 


DESKS  OUTT 
CYCLE 

•  ArtS  AND 

processes 

OESKM  DATA 
CHARACTERIZED 

STRUCTURAL! 

THERMAL 

ANALTStS 

MEG.  AND 

DUALITY 

CONTROL 


COMPONENT 
S  CORE 
ENG.  TESTING 


STRENGTH 

TESTING 

OAMACE 

TOLERANCE 

TESTS 

DURABILITY 

TESTS 

THERMAL 

SURVEY 

VIBRATORY 
STRAW  A 
ELUTTER 
8WJH0ARY 
SURVEY 


GROUNO  A 
FLIGHT 
EHG.  TESTS 


•  EMVIR.  VERM. 
TESTING* 

•  (AMT)  TEST  SPEC 
DERI* 

•  DURABILITY 
TESTS  I  AMT) 

•  DAMAGE  TOC 
TESTS 

•  ELKHT  TEST 
STRAIN  SURVEY 

•  UPOATEO  OUR  A. 

A  OAM.  TOl. 
CONTROL  PLAN 

•  PERFRM. 
OETEMOR. 

STRUC.  IMPACT 
ASSESSMENT 

•  CAITCL.  PART 
UPDATE 


PROD.  QUAL. 
CONTROL  A 
IMG.  LIFE  MGT. 


•  PROO.  ENG. 
ANALYSIS 

•  STRUC.  SAFETY 
A  OUR  A  8.  SUM. 

•  ENG.  STRUC 
MAMT.  PLAN 

»  MIRV.  EHG. 
TRACKING 

•  LEAO  THE  FORCE 
PROG.  IUSACE) 

•  DURA.  A  DAM. 
TOl.  CONTROL 
PLAN  IMPl. 

•  TECHNKAl 
ORDER  UPO ATE 


PLA  - 


-  MIMUTII 


DAMAGE  TOLERANCE 


All 


USED  FOR  FRACTURE  CRITICAL  COMPONENTS 

»  FAILURE  OF  COMPONENT  CAN  RESULT  IN  LOSS  OF  AIRCRAFT 
»  e.g,  FAN  DISK,  TURBINE  BLADE  IN  A  SINGLE  ENGINE  AIRCRAFT 

TYPICAL  CRACK 

L _ _  PROPAGATION  ,  lf.c 

(SAFETY  LIMIT!  /  umT 

CRACK  N  / 

SIZE  I  ' 


NDE 

LIMIT 


1/2  SAFETY  I 
-  LIMIT  _*| 


INSPECT 


INSPECT 


INSPECT 


BENEFITS  OF  DAMAGE 
TOLERANCE 


PRIMARY 

»  ENHANCED  SAFETY 
»  OPTIONAL  LIFE  EXTENSION 
»  INCREASED  READINESS 
»  LOWER  OWNERSHIP  COSTS 


SECONDARY 

»  DRIVES  NDE  CAPABILITY  IMPROVEMENTS 
»  DRIVES  MATERIAL  DAMAGE  TOLERANCE  IMPROVEMENTS 
»  REQUIRES  INTEGRATED  DESIGN  (MFG,  NDI,  DESIGNERS,  etc) 
»  ENHANCED  PART  QUALITY 


BOTTOM  LINE: 

»  DEFINES  INTELLIGENT/COST  EFFECTIVE  WAY  TO  INSPECT 


DAMAGE  TOLERANCE 
EXPERIENCE 


fill 


LOWER  OWNERSHIP  COSTS 
EXAMPLE 


ENS1P  DESIGNED  F100-PW-220  VS  F100-PW-100 


COSTS 

INCREASE  -  $7.600/ENGINE  _Df 

MATERIAL  Rf 

MAT’L  CHARACTERIZATION  P/ 

INCREASED  ANALYSIS  EL 

MACHINING 
INSPECTION 

SAVINGS  =  40 


DECREASE  -  $320.000/ENG!NE 
REDUCED  MAINTENANCE 
PARTS  SAVINGS 
ELIMINATE  SHOP  VISIT 


WEIGHT  INCREASE  <  1% 


m 


OPTIONAL  LIFE  EXTENSION 


Si 


RETIREMENT  FOR  CAUSE  (RFC) 


CRACK 

SIZE 


TYPICAL  CRACK 
PROPAGATION 
U-  (SAFETY 
|  LIMIT)  \y 


FRACTURE 


LIFE  LIMIT 


RETIRE  DISK 


NDE 

limit' 


INSPECT  INSPECT  INSPECT  INSPECT  INSPECT  INSPECT 


EDDY  CURRENT  INSPECTION  CAPABILITY  IMPROVEMENT 


'Materials  1  thru  6 
1  &  2  std.  Ni  base 
3  4  4  I  Itanium  alloys 
5  4  6  powder  metals 


DETECTABLE 
FLAW  SIZE  »• 
(NORMALIZED) 


1 


PROBABILITY  OF  DETECTION  FOR  BOLTHOLES 


.0000  ,0020  .0040  .0060  .0080  .0100  .0120  .0140  .0160 

_ DETECTED  FLAW  SIZE  DEPTH  (IN) 


IN  SUMMARY 

ENSIP  HAS  BEEN  APPLIED  ON  USAF  ENGINES  SINCE  1978 


IT  IS  A  TOTAL  ENGINE  STRUCTURAL  PROGRAM 
REQUIREMENTS 
TESTS  AND  ANALYSIS 
LIFE  MANAGEMENT 

HAS  PROVEN  IT’S  VALUE  WITH  INCREASES  IN 
SAFETY 
RELIABILITY 
LIFE  CYCLE  SAVINGS 


OC-ALC  AGING  AIRCRAFT 
DISASSEMBLY  AND  HIDDEN 
CORROSION  DETECTION  PROGRAM 


Donald  E.  Nieser,  P.E 
OC-ALC/LACRA 
Tinker  AFB,  OK  73145 
DSN  336-3832  -  (405)736-3832 


PURPOSE 


EXPLAIN  THE  C/KC-135  AGING  AIRCRAFT  DISASSEMBLY  AND  HIDDEN 
CORROSION  DETECTION  PROGRAM  AND  SHOW  WHY  CONTINUED 
USAF  ENGINEERING  INVESTMENT  IS  IMPERATIVE 

TO  SHOW  THAT  THE  "IMPROVED  REFUELING  SYSTEMS",  NDI 
PROGRAM  OFFICE  AND  SUSTAINING  ENGINEERING  FUNDING 
SOURCES  ARE  PROVIDING  THE  ONLY  FOCUSED  PROACTIVE  AND 
INTEGRATED  RESPONSE  TO  C/KC-1 35  AGING  AIRCRAFT  CORROSION 
PROBLEMS 

SHOW  THAT  FAILURE  COMPREHEND  AND  ADDRESS  THE  ISSUES 
ASSOCIATED  WITH  FLYING  THE  C/KC-135  NEARLY  80  YEARS 
SUBJECTS  DOD  AIR  REFUELING  AND  SPECIAL  MISSIONS  TO 
INCREASED  RISKS,  COST  AND  REDUCED  AVAILABILITY 


BACKGROUND 


UP  TO  NOW  AIRCRAFT  CORROSION  HAS  ONLY  BEEN  AN  ECONOMIC 
PROBLEM  FOR  THE  USAF 

-  USAF  SPENDS  ~  $800  MILLION/YEAR 

-  USAF  SPENDS  -  $100  MILLION/YEAR  ON  C/KC-135 
CORROSION 

CORROSION  INDUCED  MATERIAL  DEGRADATION  IS  INCIDEOUS  AND 
TIME  DEPENDENT 

THE  OCCURRENCES  OF  C/KC-135  ARE  ON  THE  INCREASE 

EFFECTS  OF  CORROSION  ON  STRUCTURAL  INTEGRITY  NOT  FULLY 
UNDERSTOOD 


BACKGROUND 


CORROSION  IS  AN  ECONOMIC  AND  SAFETY  CONCERN  FOR  AIRLINES 
FAR  EASTERN  AIR  B-737  EXPERIENCED  EXPLOSIVE  DECOMPRESSION 
CORROSION  DAMAGE7  (AUG  81)  °UE  T°  EXTENS,VE 

=,^7r  sskes  *cs:^rE  wp 

CORROSION  INDUCED  MATERIAL  DEGRADATION  CAUSED 
PREMATURE  WIDE  SPREAD  FATIGUE  CRACKING 

"  CONCENTRATION  ON  MULTI-SITE  FATIGUE  DAMAGE  (MSD) 
HAS  DIVERTED  ATTENTION  FROM  CORROSION 


COMMERCIAL  FLEET  PROGRAM 


FLEET  DAMAGE  RATE  ASSUMED 


Economic 
design  llle 


Fleet 

damage 

rale 


Corrosion 

damage 


Initial  5  10  15  20  25 

delivery _ Airplane  age  in  years 

OBSERVED  FLEET  DAMAGE  RATE 


►j —  Fatigue 
25  damage 


Economic 
design  life 


Fleet 

damage 

rate 


Corrosion  - 
damage 


Initial  5  10  15  20 

dejiyery _ Airplane  age  in  yeare 


-*) —  Faligue 
25  damage 


CHALLENGE 


PROJECTED  DOD  BUDGET  REDUCTIONS  FORCE  LIFE  EXTENSION  OF 
EXISTING  AIRCRAFT 

-  60  TO  80  YEARS 

AIRCRAFT  DESIGNED  FOR  FINITE  LIFE 

-  DID  NOT  CONSIDER  EFFECTS  OF  CORROSION 
NEW  SET  OF  TECHNICAL  PROBLEMS  (AGING  AIRCRAFT) 

-  WIDE  SPREAD  CORROSION  DAMAGE 

-  WIDE  SPREAD  FATIGUE  DAMAGE;  MULTI-SITE  DAMAGE 

-  MATERIAL  LOSS  DUE  TO  CORROSION 
INTERGRANULAR  CORROSION  ATTACK 

-  EMBRITTLEMENT,  FRETTING 


OC-ALC  CHALLENGES 


•  NO  FUNDS  FOR  REPLACEMENT  AIRCRAFT 

-  C/KC-135  MUST  OPERATE  TO  2040 

-  B-52  MUST  OPERATE  TO  2030 

-  E-3  E-3  INDEFINITE 

•  CORROSION  INCREASES  AS  AIRCRAFT  AGE 

•  DEGRADATION  OF  STRUCTURAL  INTEGRITY  UNKNOWN  OR 
UNQUANTIFIED  AT  CURRENT  STATE-OF-THE-ART 


C/KC-135  MISSION  NEED 


CORROSION  PROBLEMS  AND  COMBINED  EFFECTS  OF  CORROSION 
AND  FATIGUE  MUST  BE  SOLVED  TO  MAINTAIN  AIRWORTHINESS  TO 
2040 

-  AS  AIRCRAFT  AGE  CORROSION  PROBLEMS  WILL  BECOME  MORE 
SIGNIFICANT  CAUSING  SUBSEQUENT  INCREASES  IN  MAINTAIN 
EXPENDITURES  AND  DOWN  TIME 

-  INCREASED  RISKS  OF  AIRCRAFT  LOSSES  DUE  TO  CORROSION 
INDUCED  STRUCTURAL  FAILURES 

BEST  ENGINEERING  JUDGEMENT  IS  THAT  UNLESS  CORROSION  IS 
FOUND  FIXED  AND/OR  ELIMINATED,  CORROSION  WILL  REDUCE 
STRUCTURAL  LIFE  TO  LESS  THAN  2040 

THEREFORE  A  PROTECTIVE  PLAN  WAS  IMPLEMENTED  TO  ADDRESS 
CORROSION  ISSUES  BEFORE  ANY  AIRCRAFT  ARE  LOST  DUE  TO 
CORROSION  INDUCED  CATASTROPHIC  STRUCTURAL  FAILURES 


LAP  JOINT 


PROGRAM  PLAN 


REVIEW  EXISTING  AGING  AIRCRAFT  CORROSION  AND  FATIGUE 
INFORMATION 

IDENTIFY  PROGRAM  ELEMENTS  THAT  NEED  TO  BE  ADDRESSED 

FIND  AND  FUND  AUTHORITIES/EXPERTS  FOR  EACH  ELEMENT 

INTEGRATE  OUTPUT  DATA  FROM  EACH  ELEMENT 

ESTIMATE  FATIGUE/ECONOMIC  LIFE  OF  C/KC-135  AIRCRAFT  WITH 
EFFECTS  OF  CORROSION  INCLUDED 

DEVELOP  PLANS  AND  IDENTIFY  MODIFICATIONS/MAINTENANCE  TO 
ENSURE  CONTINUED  AIRWORTHINESS  TO  THE  YEAR  2040 


MAJOR  PROGRAM  ELEMENTS _ 

-  AIRCRAFT  DISASSEMBLY/CORROSION/DOCUMENTATION 

-  NDI/NDT  DEVELOPMENT/IMPLEMENTATION 

-  CORROSION  DOCUMENTATION/DATA  BASE  DEVELOPMENT 

-  CORROSION/STRUCTURAL  INTEGRITY  TESTING 

-  CORROSION  QUANTIFICATION  TESTING  AND  ANALYSIS 

-  CORROSION  PREDICTION  MODELING 

-  CORROSION  GROWTH  RATE  TESTING 

-  C/KC-135  SERVICE  LIFE  PREDICTION  AND  EXTENSION  PLAN 


OC-ALC  AGING  AIRCRAFT  PROGRAM 

PROGRAM  ELEMENT  SUMMARY 


|ARINC  | 

GROWTH  RATE  TESTS  — 


UN™2ii 


/  C/KC-135SLE  STUDIES 


[BOEING 


JP'/* 

rnm^y 


MODELING" 


V — STRUCTURAL  TEST 


[arinc  "I 

-NDI  DEVELOPMENT  ' 


fBOEING]  ' 


QUANTIFICATION  H 


Till! 


SCHEDULE 


PRGPII  PL  AM/NIT 
A/C  DISASSEMBLY 
MAP  CURSM 
PAf  IGUE  1ESTS 
IIDI  CUUPDN  DEMO 
014  A/C  ND!  DEMO 
MD!  PROTOTYPE 


J-IJ-U-Li JJUU-LLLU-LLl-IJ.  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 


135  SLE  STUDIES 


1PT.  BOEING 


OUR  TEAM 


C/KC-135  ENGINEERING  -  PROGRAM  MANAGEMENT 

-  B-52,  E-3,  B-1  JOINT  EFFORT  NDI  STUDIES 

-  TIE  -  TECHNOLOGY  &  INDUSTRIAL  SUPPORT 

AFMC  AND  ASC  TANKER  PROGRAMS  -  FUNDING 

WRIGHT  LABS,  ASC,  NAVY,  FAA,  NASA  -  TECHNICAL 
CONSULTANTS 

AMARC  -  AIRCRAFT  CUTTING/SECTION  REMOVAL 
BOEING  WICHITA  -  DISASSEMBLY/ANALYSIS 
ARINC  CORP  -  NDI-NDT  TESTING/ANALYSIS 
METRO  TECH  -  NDI  DEMOS  FACILITIES 


AIRCRAFT  DISASSEMBLY/CORROSION/FATIGUE 
_ _ DOCUMENTATION/MAPPING 


IDENTIFIED  AND  CUT  FIRST  C/KC-135  (EC-135H  61-0291)  RETIRED 
INTO  300  SECTIONS  ALSO  SECTIONS  FROM  B-52  AND  B-707  AIRCRAFT 

APPROXIMATELY  200  SECTIONS  INVASIVELY  DISASSEMBLED  AND 
CORROSION  DOCUMENTED 

LIGHT  TO  MODERATE  CORROSION  IN  MANY  HIDDEN  AND 
INACCESSIBLE  AREAS 

SEVERE  CORROSION  BETWEEN  STEEL  MAIN  LANDING  GEAR 
TRUNNION  AND  TOP  SURFACE  OF  BOTTOM  WING  SKIN  (REPLACED 
1978  ECP405) 

SEVERE  CORROSION  BETWEEN  WING  SKIN  AND  SPAR  CAPS 


CORROSION  DETECTION  NDI  OBJECTIVES 


LOCATE  COMMERCIAL  OFF-THE-SHELF  NDI  EQUIPMENT 

-  STATE-OF-THE-ART 

-  WIDE  AREA  RAPID  SCAN  AND  PRECISION/FINITE 

SATISFY  IMMEDIATE  CRITICAL  CORROSION  DETECTION  NEEDS 

-  LAP  SEAM/DOUBLERS 

-  WING  SKIN  FASTENER  AREAS 
PROTOTYPE  SELECTED  EQUIPMENT  FOR  DEPOT 

f 

IMPLEMENTATION 

-  C/KC-135/B-52/E-3 


CORROSION  NDI  DEVELOPMENT  MILESTONES 

INDUSTRY  SURVEY  (JUNE  92) 

EQUIPMENT/VENDOR  DEMONSTRATION  ON  AIRCRAFT  SAMPLE 
COUPONS  (SEPT  92) 

-  INVASIVE  DISASSEMBLY  OF  COUPONS  (JAN  93) 

-  QUANTIFICATION  OF  ACTUAL  CORROSION  (FEB  93) 

-  COMPARATIVE  ANALYSIS  OF  VENDOR  RESULTS  VS  ACTUAL 
CORROSION  (MAR  93) 

ON-AIRCRAFT  DEMONSTRATION  OF  NDI  EQUIPMENT  IN  OVERHAUL 
ENVIRONMENT  (JUNE  93) 

SELECTION  OF  PROTOTYPE  CORROSION  NDI  EQUIPMENT  (FY  94) 


CORROSION  QUANTIFICATION 
BY  WRIGHT  LABS 


TOPOGRAPHIC  RADIOSCOPY  (TR) 

RADIOGRAPHED  EACH  CORRODED  SURFACE 

PERFORMED  A  DENSITY  SCAN  OF  RADIOGRAPHIC  IMAGES 

CREATED  COMPUTER  ENHANCED  COLOR  IMAGE  OF  DENSITY 
VARIATIONS 

OVERLAY  TWO  SHEETS  REPRESENT  CORROSION  BETWEEN 
LAYERS 


COUPON  DEMONSTRATION 

REVIEW 


Held  at  Metro-Tech  Aviation  Career  Center,  Oklahoma 
City,  Oklahoma  Jun-Sept.  92. 

-  Twelve  Test  Coupons 

-  Six  lap  joint/six  wing  panel 

-  Two  baseline  coupons  per  problem  set 

-  Boeing  727  Lap  Joint 
Participation 

-  Vendors  Involved:  32 

-  Vendors  Participating 

&  Providing  Data:  15 

-  Non-Vendor  Representatives 

Technologies  Represented:  Eddy  Current,  Ultrasonics, 
Radiography,  Thermal  Image,  D-Sight,  Shearography, 
and  Acoustic  Emission 


COUPON  39 

EDDY  CURRENT  RESULTS 


ON-AIRCRAFT 
DEMONSTRATION  REVIEW 


Held  at  OC-ALC  May  10  to  May  26,  1993 
On  Aircraft  #2671 

-  Four  Vendors  Inspected  Lap  Joints  Using  The 
Following  NDI  Technologies: 

-  Eddy  Current 

-  Enhanced  Visual 

-  Thermal  Imaging 

-  Seven  Vendors  Inspected  Wing  Skin  Fastener 
Countersinks  Using  The  Following  NDI 
Technologies: 

-Eddy  Current 
-Ultrasonic 
-Magneto  Optic 
-Enhanced  Visual 
-Thermal  Imaging 


AREA  1  VENDOR  IMAGE 
COMPARISON 


FASTENER  COUNTERSINK 
INSPECTION  AREA 


•  Selected  area  on  KC-135  upper  wing 
containing  95  fasteners 

•  Criteria  for  selection: 

-  Variety  of  fastener  sizes  and 
thicknesses 

-  Know  corrosion  problem  areas 


STRUCTURAL  INTEGRITY  TESTING 


•  ASSESS  EFFECTS  OF  CORROSION  ON  STRUCTURAL  INTEGRITY 

•  SPECIMENS  FROM  30+  YEAR  OLD  C/KC-135  AIRCRAFT  WITH  AND 
WITHOUT  POSSIBLE  CORROSION  AND  LAB  GROWN  SEVERE 
CORROSION 

-  FUSELAGE  LAP  JOINTS  (2024-T3,~T4  AND  7075-T6) 

-  UPPER  WING  SKINS  (7178-T6) 


STRESS  VS  CYCLES  TO  FAILURE  FATIGUE  TESTS 


•  CRACK  PROPAGATION  FATIGUE  TESTS 


•  RESIDUAL  STRENGTH  FATIGUE  TESTS 


STRUCTURAL  INTEGRITY  TESTING  (CONT.) 


LOUND  ROBBIN  TEST  I  ARR 


BOEING  -  WICHITA  KANSAS 

ALCOA  RESEARCH  CENTER  PENNSYLVANIA 

NAVAL  AIR  WARFARE  CENTER  (NAWC)  PENNSYLVANIA 

WRIGHT  LABS  (WL/FIBE)  WRIGHT  PATTERSON  AFB  OHIO 

UNIVERSITY  OF  UTAH 

OC-ALC/TIE  TINKER  AFB  OKLAHOMA 


CORROSION  INFORMATION  SYSTEM 


DEVELOP  COMPUTERIZED  DOCUMENTATION  SYSTEM  FOR  STORAGE, 
RETRIEVAL  AND  MANIPULATION  OF  CORROSION  DATA 

DEFINE  SYSTEM  FUNCTIONAL  DESCRIPTION 

CORROSION  DATA  FORMAT 

SOFTWARE  REQUIREMENTS 

INTERFACE  REQUIREMENTS 

DEMONSTRATION/PROTOTYPE  3rd  QTR  FY94 


CORROSION  GROWTH  RATE  TESTING  AND  ANALYSIS 

DETERMINE  CORROSION  GROWTH  RATES  AS  A  FUNCTION  OF 
MATERIAL,  ENVIRONMENT  AND  OTHER  VARIABLES 

PLACE  C/KC-135  AIRCRAFT  SECTIONS  AT  SEVERE  CORROSION 
STATIONS  AROUND  THE  WORLD 

-  PERIODICALLY  DISASSEMBLE  PORTIONS  AND  QUANTIFY 
CORROSION 

INSTALL  CORROSION  SENSOR/DETECTOR 
INITIAL  PLACEMENT  AT  JEDDAH  AND  RIYADH,  SAUDI  ARABIA  DEC  93 
OTHER  LOCATIONS  OR  METHODOLOGIES  (TBD) 


CORROSION  PREDICTION  MODELING 


•  DEVELOP  EMPIRiCAL/MATHEMATICAL  RELATIONSHIPS 

EXISTING  DATA 

PROGRAM  GENERATED  TEST  DATA 
-  PROBABILISTIC  APPROACH 

•  PLAN  AND  TEAM  MEMBERS  TO  BE  IDENTIFIED  JAN  -  FEB  94 


C/KC-135  SERVICE  LIFE  PREDICTION  AND 
EXTENSION  STUDIES 


•  DETERMINE  STRUCTURAL  LIFE  WITH  EFFECTS  OF  CORROSION 
INCLUDED 

•  UPDATE  STRUCTURAL  INTEGRITY  PROGRAM 

•  CONDUCT  FAILURE  MODES  AND  EFFECTS  ANALYSIS/RISK  ANALYSIS 

•  DEVELOP  PLANS  AND  IDENTIFY  MODIFICATIONS/MAINTENANCE 
ACTIONS  TO  ENSURE  CONTINUED  AIRWORTHINESS  TO  THE  YEAR 
2040 

•  CONDUCT  COST  BENEFIT/BREAK  EVEN  ANALYSIS  OF 
MODIFICATIONS/MAINTENANCE  VS.  NEW  AIRCRAFT/ACQUISITION 

•  PRELIMINARY  LIFE  PREDICTION  AND  PLAN  2nd  QTR  FY95 


C/KC-135  LIFE  EXTENSION 

SYSTEMS  APPROACH 


Structural  Improvements 

-  Corrosion  Probabilistic  Model 

-  Corrosion  Growth  Rate  Test 

-  Acft  Disassembly 

-  Corrosion  Fatigue 
Testing 

-  Alternate  Materials 

-  Chem  Mill  Skins 

-  Other 


Maintenance  Cost 
Reduction 

-  Corrosion  Data  Base 

-  NDI  Evaluations 

-  Corrosion 
Quantification 

-CPC’s 

-  Other 


Programmatic  Recommendations 

Service  Life  Extension  Study 
FY96/98  POM  Input  Planning 
Engineering  Integration 


Operational  Req 
Validation 


USAF  C/KC-135  ENGINEERING  INVESTMENT 
ESSENTIAL  FOR  21  ST  CENTURY  OPERATIONS 


I  SLEFY'fAPOMInpm  |- 


SLE  Concopi  Planning 


Notional  New 
Acquisition  (RAD) 


Realistic  Service  Life  (40*  Years) 


IS.  |  SUE  Mods  Begin  t 


Period  ot  Engineering  Investment  — 


40  Years 


C/KC-135  Option 


40  Years 


FUTURE  INITIATIVES  1995  -  2000 


EXPAND  NDI  EQUIPMENT  DEVELOPMENT 

-  CORROSION  AROUND,  WING  SKIN  FASTENERS,  BETWEEN  WING 
SKIN  AND  SPARS 

-  ADDRESS  INTERGRANULAR/EXFOLIATION  AND  STRESS 
CORROSION/CRACKING 

IMPLEMENT  CORROSION  DETECTION  EQUIPMENT  AT  ALL  C/KC-135 
PDM  SITES 

INVESTIGATE  ROBOTIC  OPERATED  CORROSION  DETECTION  NDI 
EQUIPMENT 

EXTEND  STRUCTURAL  INTEGRITY  TESTING  AND  ANALYSIS 
FULL  SCALE  TESTING  OF  FUSELAGE  SECTIONS 
FULL  SCALE  FATIGUE  TESTING  OF  CORRODED  WING  SKIN 


FUTURE  INITIATIVES  1995  -  2000 


•  PREPARE  C/KC-135  SLEP  POM  INPUTS 


CONCERNS 


LACK  OF  SCIENTIFIC  KNOWLEDGE  OF  AGING  AIRCRAFT  CORROSION 
AND  ITS  EFFECTS  ON  STRUCTURAL  INTEGRITY 

NO  CONCENTRATED  EFFORTS  TO  SOLVE  THESE  PROBLEMS 

THEREFORE  OUR  PROGRAM  HAS  HAD  TO  ADDRESS  AREAS  THAT 
SHOULD  BE  COVERED  BY  THE  LABS 

ASKED  TO  DEVELOP  STRATEGIC  PLANS  AND  MOA/MOU  BETWEEN 
OC-ALC  AND  NASA,  FAA  AND  THE  NAVY  TO  FORMALIZE  OUR 
WORKING  LEVEL  COOPERATIVE/COMPLIMENTARY  EFFORTS 

THE  SCIENTIFIC  COMMUNITY,  NASA,  FAA  &  NAVY  RECOGNIZE  THE 
SIGNIFICANCE  OF  THE  OC-ALC  AGING  AIRCRAFT  CORROSION 
PROGRAM 


RECOMMENDATIONS 


ESTABLISH  A  USAF  AGING  AIRCRAFT  COORDINATING 
ORGANIZATION,  PROGRAM  OFFICE,  OR  CENTER  OF  EXCELLENCE 

EXPAND  AND  ENLARGE  AGING  AIRCRAFT  CORROSION  R&D  AT 
WRIGHT  LABS,  AFOSR  AND  THE  NAVY 

ESTABLISH  AND  STAFF  A  CORROSION  TECHNICAL  ORGANIZATION  AT 
WRIGHT  LABS  (ML  OR  FI) 

ESTABLISH  AN  OFFICE  OR  ORGANIZATION  TO  COORDINATE  AGING 
AIRCRAFT  EFFORTS  BETWEEN  ALL  GOVERNMENT  AGENCIES, 

USAF,  NAVY,  FAA,  AND  NASA 


CONCLUSIONS 


•  BUSINESS  "AS  USUAL"  WILL  NOT  ENSURE  THE  CONTINUED,  COST 
EFFECTIVE  AVAILABILITY  OF  AGING  C/KC-135  AIRCRAFT 

•  CONSIDERABLE  INFORMATION  IS  NEEDED  TO  ESTABLISH 
C/KC-135  AGING  AIRCRAFT  INITIATIVES  THAT  CAN  BE 
IMPLEMENTED  THROUGH  AIR  FORCE  MAINTENANCE  AND 
PROCUREMENT  PROGRAMS  -  UPFRONT  INVESTMENT  IS 
CRITICAL 


SCIENTIFIC  EFFORTS  NEEDED 


•  NDI  EQUIPMENT  FOR  DETECTING  INTERGRANULAR 
CORROSION  AROUND  WING  SKIN  FASTENERS 

•  CORROSION  QUANTIFICATION 

•  CORROSION  GROWTH  RATES 

•  EFFECTS  OF  CORROSION  ON: 

-  FATIGUE  STRENGTH 

-  RESIDUAL  STRENGTH 

-  STATIC  STRENGTH  L 

•  PROBABILISTIC  MODELING  OF  CORROSION 


WORLDWIDE  AGING 
AIRCRAFT  PROBLEM 


OC-ALC  CORROSION  PROGRAM 

-  PROVIDE  BASELINE/SOLUTIONS  TO  OTHER 
USAF  AGING  AIRCRAFT 

USAF  CORROSION  PROBLEMS 

-  PARTS  OF  LARGER  DOD  AND  WORLDWIDE 
AGING  AIRCRAFT/CORROSION  PROBLEMS 

COORDINATION  WITH  OTHER  AGENCIES 

-  OTHER  ALC’S 

-  USAF  LABS 

-  NAVY 

-  FAA  -  AIRLINES 

-  NASA 

-  ACADEMIA 


PROPERTY  IMPROVEMENTS 


Fatigue  life 
Fatigue  strength 
Fretting  fatigue  resistance 
Surface  hardness 
Thin  section  strength 
Relieve  residual  weld  stresses 


/ 


INCREASE  IN  FA  TIGUE  LIFE 


a(in.) 


Z0Z4-T3  Aluminum  (@  15,000  psi) 


(mm) 


OO-ALC/LAAS  F-1 6  STRUCTURES 


r 


OO-ALC/LAAS  F-1 6  STRUCTURES 


RESIDUAL  STRESS  PROFILES 


Residual 

Stress 

(MPa) 


•  Unshockod  '4° 
u  One  Shot 
O  Five  Shots  --  -80 


AISI  4030  Steel  Sheet 
(.060  inches) 


Residual 

Stress 

(ksi) 


•  Unshocked  -  -120 

□  One  Shot 

O  Five  Shots  -  -160 

_ 1 _ I _ J  -200 

0.020  0.030  0.040 


Distance  Below  the  Surface  (Inches) 

- OO-ALC/LAAS  F-1 6  STRUCTURES 


fr 


LSP  Slows  Growth  of  Existing  Craci 


Z0Z4-T3S1  Aluminum  (  tf?  7  5,000  psi) 


10  11 


1 0  Cycles 

0.25  0.45 

Precrack  4  Failure 

Cycles  for  crack 
growth  to  given  length 


Laser  treated 
region 


Pre-existing 

crack 


Laser  Shock  Pattern 


OO-ALC/LAAS  F-16  STRUCTURES 


RELIEVE  RESIDUAL  WELD  STRESSED 


£ 

^  300 

5: 


5086-H32 

Aluminum 


Aluminum 


OO-ALC/LAAS  F-1 6  STRUCTURES 


F-16  GUN  PORT  BOLTS 


I 


y&h 


rif 


ogj  11 

fcl  i* 


S'.VSS*'-'  />>>!• 


V_t.._ -x:'7 


_ _ _ ziJ7fX-r.: 


Cotter  Pin  Hole 
(Location  of  Bolt  Failures) 


- OO-ALC/LAAS  F-16  STRUCTURES 


FATIGUE  TESTS  RESULTS 
F-16  GUN  PORT  BOLTS 


Cycles 


OO-ALC/LAAS  F-16  STRUCTURES 


rvwcr/signal  cables 


Main 

Instrumentation 

System 


Advanced 


!: missions 


Monitoring 

System 


Preamplifiers 


Strain  Gauge 


-AN- 

,i  !  !  •'  ''ejicki  \)\ 


'  .iroiistir-  \  /  / 
cmiJiiou.yV 


Sensors 


Structure 


OO-ALC/LAAS  F-1 6  STRUCTURES 


Comparison  of  Acoustic  Emission  Results  with  44 
Defects  Detected  by  Eddy  Current  (Canadair  31  Aug  90) 


AmtiJc  Signsb 


DfelanCT  from  Wing  Cftilrt  (retires) 

- OO-ALC/LAAS  F-1 6  STRUCTURES 


A  '  i  £• i 
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tcmowE*  wino 
SKIM1SW102 
UM1IMS  UF 


OO-ALC/LAAS  F-1 6  ENGINEERING 


BORON/EPOXY  FOR  FUEL  VENT  HOL 


BORON/EPOXY  TAPE 
350  DEG  CURE 

NOTES: 

1.  Plies  to  drop  in  symmetric 
pairs  as  shown  in  section  X. 

2.  .25  "  min  between  ply  drops 
in  all  directions. 

3.  Thickness  of  section  X  not 
to  scale. 
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OO-ALC/LAAS  F-1 6  ENGINEERING 


max.  adhesive  shear  strain 


Fatigue  Lives  of  Riveted  Repair 

(Effect  of  patch  selection) 


OO-ALC/LAAS  F-1 6  STRUCTURES 


Maximum  Adhesive  Shear  Strain 

(over  crack  location) 


050  1.00  1.50  2.00 


patch  thickness,  mm 

OO-ALC/LAAS  F-1 6  STRUCTURES 


K reduction,  %  |^||  I  I  K reduction, 


Crack  Patching  Effectiveness 

(Reduction  of  K,  no  thermal  effects) 


OO-ALC/LAAS  F~16  STRUCTURES  — 


Crack  Patching  Effectiveness 

(Reduction  of  K,  thermal  effects  included) 


F-111 


QC 


DSN  633-4224 


SM-ALC  -  AGING  AIRCRAFT  WORKING  GROUP  MEMBERS 


•  NON  DESTRUCTIVE  EVALUATION 

ALBERT  ROGEL,  TIEE,  DSII  6.13-3(47 
SM-AI  O  MDI  MANAGED 

HON  UAII  EY.  TIELI),  DSII  633-5476 

MATERIALS  ENGINEERING  TECHNICIAN 

•  STRUCTURAL  INTEGRITY  ASSESSMENT  AND 
LIFE  EXTENSION  METI  IODOI.OGY  DEVELOPMENT 

BILL  SUTHERLAND.  LAFI'E,  DSN  633-4224, 

CHIEF,  F- 111  /  A-  10  STRUCTURAL  ENGINEERING 

•  MATERIAL  BEHAVIOR 

JOHN  MEIIIIIIGER,  TIEI.C,  DSN  633-2451 
MATERIALS  ENGINEER 

•  CORROSION 

DAN  DUNHAM,  TIEE,  DSN  633-3147 
SM-ALC  CORROSION  MANAGER 


F-111  ASIP  REVIEW  SUMMARY 


AIRCRAFT  I IISTORY  /  STATUS 

EF-tllA  STRUCTURAL  INTEGRITY  ROADMAP 


F-111  STRUCTURAL  PROBLEM  CATEGORIES 


F-111  OPERATIONAL  HISTORY  _ 


•  DELIVERY  OR  CONVERSION  PERIODS 

*  RETIREMENT  PERIODS  (AS  OF  1  JAN  94) 


F-111E 


F-111F 


FB-111A 

/ 


CALENDAR  YEAR 


F-111G 


F-111  FLIGHT  TIME  SUMMARY  -  11  JAN  94 


MRS 

l  l!Gl! 

FUG !  1J  HOURS 

average 

LOW 

EF-111A 

654  1 

5417 

4264 

F-11IE 

6  101 

5320 

2067 

F- 11  IF 

5889 

5058 

2351 

EF-111A  FLIGHT  HOUR  PROJECTIONS 

BY  CALENDAR  YEAR  9  300  HOURS  PER  YEAR 

FLIGHT  HOURS  -  THOUSANDS 


EF-111A  STRUCTURAL  INTEGRITY  ROADMAP  (sm-alc/laffe/mar94) 


F-111  STRUCTURAL  PROBLEM  CATEGORIES 


CATEGORY 

CHARACTERISTICS 

GENERAL  SOLUTIONS 

STRESS-CORROSION 

CRACKING 

7079-T6  ALUMINUM  PLATE  IN 
FORWARD  FUSELAGE  FRAMES, 
LONGERONS,  BULKHEADS,  & 
MISCELLANEOUS  FITTINGS 

PDM  INSPECTION  S  REPAIR 

HAMPERED  BY  IMPROVEMENTS 
IN  TANK  SEALING  PROCESS 

SOME  COMPONENT  REPLACEMENTS 
(MLG  CENTRAL  TRUNNION) 
(UPPER  TUNNEL  TRUSSES) 

BONDED  STRUCTURE 

DELAMINATION  AND 

CORROSION 

1960s  BONDING  TECHNOLOGY 

UNPRIMED  SKINS 

BARE  CORE 

FIELD  3  DEPOT  INSPECTION 

AND  REPAIR 

DESIGN  CHANGES  IN  REPAIR  AND 
NEW  MANUFACTURING 

CORROSION  TREATED  CORE 
PHOSPHORIC  ACID  ANODIZE 
ADHESION  PROMOTING  PRIMERS 

D6AC  STEEL 

FATIGUE  CRACKING 

HIGH  STRENGTH 

LOW  TOUGHNESS 

VERY  SMALL  CRITICAL 

CRACK  SIZES 

CRITICAL  AREAS  ON  BOTH 
TENSION  AND  COMPRESSION 
SIDES 

PDM  INSPECTIONS  /  REWORK: 

MAGNETIC  RUBBER  -  EVERY  CYCLE 
PROOF  TEST  -  EVERY  2ND  CYCLE 
MECHANICAL  REMOVAL  OF  CRACKS 

RECONFIGURE  GEOMETRY  OF 
CRITICAL  AREAS 

COLD  WORK  OF  UPPER 

LONGERON  HOLES  AND  SOME 

HOLES  IN  WING  CARRY  THRU  BOX 

PPM  /  ASIP  NDI  PROGRAM  (ef-iha  baseline) 


WING  CARRY  THRU  BOX 

★  UPPER  PLATE  NO-LOAD  BOLT  HOLES 

V  ★  UPPER  plate  sealant  INJECTION  HOLES 
■fc  LOWER  PLATE  FORWARD  CORNER 
LOWER  PLATE  LUG 
OUTBOARD  BULKHEAD  HOLES 
OUTBOARD  BULKHEAD  UPPER  AFT  CORNER 

★  FORWARD  POSTS 

y  LOWER  PLATE  STIFFENERS 

WING  PIVOT  FITTING/WING  BOX 

V ★  UPPER  PLATE  STIFFENER  RUNOUTS 

★  UPPER  PLATE  FUEL  VENT  HOLES 
LOWER  PLATE  LUG 

SHEAR  LUG 
SHEAR  RING 

LOWER  WING  SKIN  •  INBOARD  PYLON 

★  WELD  ZONE  REPAIRS 


FS496  NACELLE  FORMFR 

POST-FLANGE  INTERSECTION 

★  TIE  LINK  LUGS 

★  UPPER  FLANGES 
Slower  tab 

£  SPIKE  ISLAND  TAB 

MLG  SUPPORT  STRUCTIIRF 


SHOCK  STRUT  SUPPORT,  12B10S21 
DRAG  BRACE  SUPPORT.  12B10502 
LOWER  LONGERON,  12B10571 
RETRACT  ACTUATOR  BRACKET 
UPLOCK  HOOK 


FUSELAGE  (GENFRAI  ) 

★  nacelle  tie  link 

★  l2B4802  INTERCOSTAL  ; 

★  l2B4 811  CENTER  LONGERON 

★  OVERWING  LONGERON,  FS  532  S  FS  560 

★  FORWARD  FUSELAGE  FRAMES 
★UPPER  GLOVE  ROUTING  TUNNEL 
★COWL  BEAM  LUGS 

★  CREW  MODULE  FLOOR  TRUSSES 
SPEED  BRAKE  ACTUATOR  BRACKET 
FS  449  LONGERON  SPLICE 


ES-770  HORIZ  STAB  SUPPORT  STRUCTURF 

★  pivot  SHAFT  RELIEF  HOLE 

y ★PIVOT  SHAFT  RELIEF  HOLE  (EXPANDED  AREA) 

★  PIVOT  SHAFT  CLEVIS  HOLES 
y^PIVOT  SHAFT  TOOLING  HOLE 

★  center  BULKHEAD  LOWER  LUGS 


LEGEND: 

★  -  CRACKS  BEING  FOUND  BY  NDI 
y  ■  PROBLEM  DISCOVERED  BY  PROOF  TEST 


(A3  OF  t  OCT  93J 


Materials  Degradation  and  Fatigue 
in  Aerospace  Structures 


Oo. 


vfe1 


U 

to 


Air  Force  Aging  Aircraft  Conference 

May  17-19,  1994 
Tinker  AFB 


Purdue  University 
Research  Team 

■  School  of  Aeronautics  &  Astronautics 

-  A.  F.  Grandt  (PI) 

-  T.  N.  Farris 

-  C.  T.  Sun 

■  School  of  Mechanical  Engineering 

-  B.  M.  Hiilberry 

■  School  of  Materials  Engineering 

-  E.  P.  Kvam 

■  School  of  Statistics 

-  G.  P.  McCabe 


Purduo  Structural  Integrity  Program 


Aging  Aircraft  --  Key  Issues 


■  An  older  aircraft  may  contain  prior  service 
induced  damage 

-  fatigue 

-  corrosion 

-  fretting 

-  accidental  damage 

■  When  does  such  damage  compromise 
safety  or  limit  economic  operation? 

-  How  does  discrete  site  damage  form/grow? 

-  How  does  multiple-site  damage  limit  safety? 

-  How  may  damage  be  detected? 

-  How  may  damage  be  repaired? 

Purduo  Structural  Integrity  Program 


Overview  of  Aging  Aircraft  Issues 


How  does  service  induced  damage 
effect  life  of  an  older  aircraft  ? 

How  does  corrosion,  fretting,  fatigue 
form? 

How  does  if  grow,  coalesce? 

When  does  it  compromise  safety? 
How  can  it  be  delayed/repaired? 


Spectrum  loading 
Environmental  attack 
inelastic  behavior 
Complex  structure 
Prior  service/repair 
Unknown  conditions 


Purrfe*  structural  Integrity  Program 


Overview  of  Current  Projects 


MSD 

-  Residual  strength 

-  Fatigue  life 

-  Parametric  study 

-  Probabilistic  analysis 

Corrosion/fatigue 

-  LEFM  quantification  of  corrosion 

-  da/dN  in  retired  a/c 

-  Breaking  load  characterization  of  corrosion 

-  Crack  initiation  from  pits 

Tribology/Fretting 
Composite  patching 


Purtfoo  Structural  Integrity  Program 


FATIGUE  WFD 

CRACK 
INITIATION 


FIGURE  1  RESIDUA!.  STRENGTH  CAPABILITY  AND  RESULTING 
INSPECTION  ACTIONS 


(From  Swiff) 


Decrease  in  Residual  Strength 
due  to  MSD 


Influence  of  MSD  on  3.2  inch 
lead  crack  specimens 


Lead  crack  =  3.2  Inch 
6  holes  with  MSD 
avg  MSD  crack  =  a* 


RS-04t  RS-04b  RS-04e  RS-<Xd  RS-05t  RS-05b 

(MSD)  POD)  (MSD)  (MSD)  (N.KSD)  (H,  MSD) 


Specimen 


Residual  Strength  Criteria 


■'apparent 

-  fails  when  critical  stress  intensity  factor  reached 

Net  Section  Yield 

-  fails  when  net  section  stress  reaches  yield 

Ligament  Yield  (Swift) 

-  ligament  fails  when  crack  tip  plastic  zones  touch 


Inelastic  behavior 


Comparison  of  Various  Failure 
Criteria  with  Measured  Loads 


•  Ligament  Yield 
o  Net  Section  Yield 
o  K-apparem 


MSD  Fatigue  Crack  Growth 


Objectives: 

■  Develop  computer  algorithm  to  predict 
fatigue  life  of  panels  with  MSD 

-  MSD  crack  growth/interaction 

-  crack  initiation  at  holes  without  MSD 

-  total  panel  life  and  individual  crack  growth 

■  Evaluate  algorithm  with  experiments  on 
panels  with  open  holes 

■  Extend  analysis  to  more  realistic  structural 
configurations 

-  stiffened  structure 

-  load  transfer  through  fastened  joints 


ffect  of  MSD  on  Lead  Crack  Life 


0  4  4  10  12 

Number  of  MSD  cracks 


•  Calculate  the  Stress  Intensity  Factor  (AK)  at  each 
crack  tip. 


•  Compute  each  crack's  growth  rate  (da/dN). 

•  Determine  the  number  of  cycles  (AN)  to  grow 
the  smallest  crack  a  specified  amount 

AN  =  (A)  /  (da/dN) 

•  Calculate  crack  growth  ^a)  of  all  other  cracks: 

Aa  =  (AN)  *  (da/dN) 

•  Iterate  until  panel  "fails". 


United  States  Coast  Guard 
Aeronautical  Engineering 


Furdue  University 

Aeronautical  &  Aerospace  Engineering 


Cycles 


-»5  -3.5  -2.5 


CD  =  Hole  Numberl 

Crack-Tip  Distance 

f  } 

o  =  Measured 

1  J 

from  Center  of  Panel  (in.) 

j  — —  =  Predicted 

Figure  4- 1 2  Crack  Propagation  Diagram  for  MSD04. 


MSD07  -  Crack  Propagation 


s 

U 
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Purdue  University 


School  of  Aeronautics  &  Astronautics 


Probabilistic  MSD  Model 


■  Objective:  Incorporate  probabilistic 
aspects  to  deterministic  model  for  MSD 
fatigue  life 

■  Variables: 

-  initial  crack  sizes  (eifs  distributions) 

-  fatigue  crack  growth  properties  (use  Hillberry, 
Ostergaard  fit  of  Virkler  2024-T3  data) 


Crack  Size  Variability 

variable  variable 
(unsym)  (sym) 
each  hole  each  hole  mean 


Probability  damage  model 
combinations 


Material  Variability 

mean 

variable 

each 

panel 

variable 

each 

hole 

CASE  1 

CASE  2 

CASE  4 

CASE  6 

Cl»M 

Cl»Mp 

Cl  •  Mh 

CASE  3 

CASES 

C«|.  M 

Ci)*Mp 

)  -o-  <> 


^Purdue  University 


Remaining  life  to  failure 


w  Purdue  Universily 


Probabilistic  MSD  Analysis 


Applications: 


•Determine  when  MSD  develops 
-EIFS  analysis  for  crack  "Initiation” 

•  Determine  degradation  In  lead  crack  residual  strength 
as  MSD  develops 


O  -O — y  O-  -Or  o  -o- 

e»d  crack  »MSO  |  |  0,1 


Residual 

Strength 


Purdu*  Structural  IntvoHty  Program 


Representation  of  Corrosion  Damage 


Thickness  Reduction 
(Global  Damage) 


Trf 

ill 


Stress  Concentration 
(Local  Damage) 


Widespread  surface  corrosion  resulting  In  thickness  reduction 
t  =  Original  thickness  listed  on  pari  drawing 
fe  *  Corroded  thickness  (average) 


Stress  concentration  resulting  from  localized  corrosion  attack 

A.  Integranular  attack 

B.  Corrosion  pit 

c,  s  Depth  ot  penetration 
from  the  surface 


L\  m  Surface  dimension 

t  t  I 
crack 


\r\cre*S  £ 


Application  of  Fracture 
Mechanics 


Quantify  existing  corrosion  state  w.r.t.  remaining 
life  criteria: 


s 

0) 

S  003 
cx 

* 

E  0-02 


\ 

"severe 

H 

corrosion 

"moderate" 

corrosion 

N  =  constant 

, 

"mild" 

corrosion 

r.'x 

-  ^Soynt+ry 

-  S  +  re  $  * 


I  0.7  06  0.5  04  0.3 

Thickness  reduction 


Structural  evaluation  tool  ^handbook  format 


Multi-site  Damage  Panel 


8  holes 

all  holes  with  sym.  cracks 
all  cracks  equal  length 


Refs:  Neussl 

Moukawsher 


MSD  Panel  Results 


_ Planned  Test  Program 

■  Artificial  corrosion  method 

-  Alternate  Immersion  (ASTM  G-44) 

-  Vary  exposure  to  produce  degrees  of  damage 

■  Material 

-AI2024-T3 

■  Cyclic  loading 

-  constant  amplitude  (after  corrosion)— various  stress  levels 

-  variable  amplitude? 

■  Specimen  geometries 

-  rectangular  strips 

-  notched  strips  (holes) 

-other?  ^  Up^o.nf 


Aged  Material  Response 


■  Objective: 

-  Determine  if  cyclic  and  static  properties  of  “aged” 
materials  differ  from  design  allowables 


■  Approach: 

-  Measure  stress-strain,  S-N,  and  fatigue  crack  growth  In 
retired  aircraft  material 

»  (7075-T6,  2024-T3,  2024-14,  71 78-T6) 

-  Determine  whether  prior  service  degraded  properties 
below  MIL-HDBK  5  allowables 


Aged  Material  Response 


Status: 

-  Have  1  KC-135  fuselage  lap  Joint  panel  (7075-T6  clad) 

-  Preliminary  da/dN  tests  in  progress 

-  Measure  da/dN  via  compliance 

-  Need  panels  with  various  degrees  of  corrosion 


Crack  Measurements:  Compliance  vs 


0 


01  #?  03  04  09 


OptfcaJ  a  (inches) 


Damage  Development  due  to 
Fretting  Fatigue 


Summary 


■  Interdisciplinary  research  program  began  1  July  93 

-  6  faculfy/4  departments 

■  Focus  on: 


-  crack  formation  (fretting,  corrosion,  EIFS) 

-  crack  growth/interaction  (MSD) 

-  residual  strength 

-  failure  prevention/repair 

■  Presentations 

-  USAFSAB 


-  AIAA  SDM  -  2  papers 

-  NASA/FAA  Aging  Aircraft  Conf  -3  papers 

■  Campus  impact 

-  faculty  team 

-  industrial  collaborations 

-  laboratory  developments 

-  courses 


Furdu*  Structural  InUortty  Fro  gram 


MECHANICS  OF  WIDE-SPREAD  FATIGUE  DAMAGE 
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LIFE-  EXTENSION  METHODOLIES 
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ANALYSIS  OF  PATCHED  CRACKS 
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ALGORITHM  FOR  REPAIR  ANALYSIS 


REDUCTION  IN  ACTUAL  K  FACTOR 


ANALYSIS  RESULTS 


GEORGIA  TECH 


COMPARISON  WITH  EXPERIMENTS^  ANALYSIS  RESULTS  -  HOLE  CRACK 


COMPARISON  WITH  EXPERIMENTS 


■GEORGIA  TECH 


VARIATION  OF  SHEAR  STRESS 


Adhesive  layer  thickness  is  changing  with  y  coordinate 


VARIATION  OF  NORMALIZED  SIF 


VARIATION  OF  SIF 


FATIGUE  CRACK  GROWTH  METHODOLOGY 


VARIATION  OF  SIF  WITH  AND  WITHOUT  PATCHING 


Shear  Modulus:  3.9E+06 
Poisson's  Ratio:  0.33 
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Figure  6 


CASE  4:  Unner  Crack 
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TABLE  1.  DEPENDENCE  OF  THE  DEPTH  OF  THE  FRETTING  DAMAGE  (WEAR  amplitude1.  The  specific  fretting  wear  rate,  W,  chages  radically 
PLUS  CORROSION)  ON  THE  SPECIFIC  WEAR/CORROSION  RATE  FOR  CONDITIONS  wich  Che  amounc  of  sliP'  increasing  from  W  =  10-“  rn'/Nm  to  W  -  5-10- 
ENCOUNTERED  IN  AIRFRAME  CONNECTIONS*  “  mVNm  or  by  about  500-fold  in  the  range  -10  p m  <  6  <  -100  pm 

(1,2).  There  is  a  synergistic  relation  between  corrosion  and  the 
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fretting  conditions  in  the  connection  which  will  be  studied  by  Task  adhesive  bonds  that  reduce  the  forces  acting  on  the  bore  (1)  .  The 
3.2.  Work  on  a  2-dimensional  model  of  a  lap  joint  has  been  relevant  coefficient  of  friction  and  coatings  that  separate  the 
initiated.  This  will  be  followed  by  anayses  of  3  dimensional  model  contacting  surfaces  and  inhibit  corrosion  also  play  a  crucial  role, 
during  the  second  year  of  the  project. 
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center,  the  long  sides  of  the  sheet  were  constrained  in  the  x- 

direction,  in  keeping  with  the  conditions  found  within  in  a  wide  materials  needed  for  finite  element  modelling  of  Task  2.  This  work 

panel  with  many  pins  with  a  repeat  distance  of  S  =  30.6  mm  (see  accomplished  as  part  of  a  separate  Air  Force  Project. 

Figure  2)  .  The  pin  was  modeled  as  purely  elastic,  consistent  with 
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Figure  4  illustrates  that  relatively  high  contact 
between  p  =  450  MPa  and  550  MPa  are  associated  with  the 
rence  fit.  A  peak  contact  pressure  of  about  p  =  560  MP, 
duced  by  the  a  =  125  MPa  nominal  stress  at  8  «  -90“  foi 
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the  pin-sheet  interface)  and  (c)  example  of  a  deformed  mesh  in  the  This  imPlies  thaC  fretting  can  remove  y  a  6  fim  of  metal  from  the 
vicinity  of  the  pin-hole  interface  (fi  *  0.2)  showing  relative  slip  Pin  body  and  sheet  bore  after  N  =  50,000  stress  cycles  in  the 
displacements  at  the  pin-hole  interface.  The  dimensions  of  the  absence  of  interference;  y  a  l^m  with  It  interference.  In  other 
sheet  are:  S  =  30.6  mm,  L  =  168.3  mm,  R  =  3.06  mm  and  t  (thickness)  words,  the  contribution  of  fretting  corrosion  is  negligable  in  this 
>  1.53  mm.  case  because  the  amount  of  slip  is  relatively  small. 
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6-  slip  amplitude,  p-contact  pressure,  8-angular  position, 
^-coefficient  of  friction 
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Figure  12.  Dimensions  of  riveted  sample 
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OBJECTIVES 


□  To  develop  quantitative  mechanistic  understanding 
of  the  processes  of  localized  corrosion  and  corrosion 
fatigue  crack  initiation  and  growth  in  high  strength 
aluminum  alloys  used  in  aircraft  construction 

□  Based  on  this  understanding,  develop  mechanis¬ 
tically  based  probability  models  that  can  aid  in  life 
prediction  and  assessment  of  reliability 


DEFECT  SIZE 


CONCEPTUAL  FRAMEWORK 


UNIT  PROCESSES  OF  CORROSION  AND 
CORROSION  FATIGUE  CRACK  GROWTH 


o  Local  corrosion  damage  (pit  nucleation  and  growth) 
-  mechanisms  and  kinetics 

□  Transition  from  pitting  to  fatigue  crack  growth 
(crack  initiation) 

□  Early  stages  of  corrosion  fatigue  crack  growth 
(short-crack  regime) 


□  Corrosion  fatigue  crack  growth 


UNIT  PROCESSES  &  MODELING  FRAMEWORK 


-  crack  growth 

-  electrochem.  react. 


.  Mechanistic  Models 
l  (deterministic) 


;  -  ext.  variables 

-  int.  variables 


CORROSION 

FAILURE 


CORROSION  FATIGUE 
FAILURE 


jpdl:  External/ 

Internal  Variables 

Probability  and 
“  Stochastic  Models 

-  independence 

-  interactive 

-  mechanistic  models 

-  jpdf 

NEED  FOR  MECHANISTICALLY  BASED 
APPROACH  TO  LIFE  PREDICTION 


□  Identification  of  damage  mechanism 

□  Identification  of  key  ( random )  variables 

□  Fundamentally  based  functional  dependence  on  key  variables 
viz.  mechanistically  based  models  (minimize  uncertainty 
associated  with  statistically  based  parametric  models) 

□  Optimum  utilization  of  limited  experimental  data 

□  Rational  basis  for  interpolation  and  extrapolation 


NEED  FOR  MECHANISTICALLY  BASED 
APPROACH  TO  LIFE  PREDICTION 
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PRINCIPAL  ISSUES  TO  BE  ADDRESSED 


□  Identification  and  verification  of  key  internal  and  external 
random  variables  that  control  each  of  the  unit  processes,  and 
determination  of  the  stochastic  nature  of  each  process 

□  Quantification  of  the  probability  distribution  function  (including 
time  variance)  of  each  of  the  key  variables 

D  Development  of  quantitative  understanding  of  the  rate  controlling 
step  and  mechanism  for  each  damage  process,  and  formulation  of 
a  mechanistic  (deterministic)  model  for  each  that  describes  the 
functional  dependence  on  the  key  variables 

D  Integration  of  mechanistic  models  and  probability  distribution 
functions,  and  formulation  of  mechanistically  based  probability 
models  for  life  prediction  and  reliability  assessment 


CHEMISTRY  FOR  SIMULATED  CREVICE 

(2024-T3  Aluminum  Alloy) 


□  Crevice  geometry  (cell  volume:  10  mf ;  crevice  height:  0.27  mm, 
non-crevice-to-crevice  area  ratio:  2:1);  bulk  solution  (0.05,  0.5, 
2.0M  NaCl;  [02]  *  7  ppm;  pH  «  6;  T  ~  20°C;  flow  *  2.5 
mf  /min.) 

□  Solution  pH  inside  crevice  depends  mildly  on  [Cl  ];  pH  increases 
at  first  (more  alkaline)  and  then  becomes  acidic  with  time, 
stabilized  at  about  4.5 

□  Corrosion  potential  inside  crevice  depends  on  [Cl  ],  tending  to  be 
more  noble  (cathodic)  at  the  higher  concentrations  (-540,  -610, 
and  -650  mV  versus  Ag/AgCl  for  0.05,  0.5,  and  2.0M  NaCl 
solutions,  respectively) 


LOCALIZED  CORROSION  IN  2024/7075  ALLOYS 

□  Localized  corrosion  {pitting )  in  both  alloys  are  associated  with 
constituent  particles;  about  3,000  particles/mm2  (>  1  pm2) 

□  Two  types  of  particles  identified:  Type  A  {anodic)  and  Type 
C  ( cathodic )  with  respect  to  the  matrix;  Type  A  dissolves, 

Type  C  induces  trenching  in  adjacent  matrix 

2024:  Type  A  (Al,Cu,Mg)  Type  C  (Al,Cu,Fe,Mn) 

7075:  Type  A  (Al,Cu,Mg,Zn)  Type  C  (Al,Cu,Fe,Cr,Mn,Zn) 

□  Pitting  strongly  temperature  and  pH  dependent 

□  Pitting  very  complex  and  appears  to  involve  3-D  interactions 
with  constituent  particles;  kinetics  and  distribution  needed 

□  Corrosion  sensitivity  appears  to  be  orientation  dependent; 
being  more  severe  in  the  thickness  orientation 


cdf,  F(x|xp)  =  Pr{X<x|X>xp( 


LOCALIZED  CORROSION  IN  7075-T6  ALUMINUM  ALLOY 
0.5M  NaCl  @  RT  (Free  Corrosion,  pH  6)  —  3  h 


Before 


After 


CONSTITUENT  PARTICLES  IN  7075-T6  ALLOY 

Typical  Size  Distribution  in  Weibull  Format 


ln(area) 


ln[-ln(  1  -  cdf)] 


EDX  RESULTS  FOR  SELECTED  PARTICLES  IN  7075-T6 
BEFORE  AND  AFTER  CORROSION  (0.5M  NaCl  @  80°C,  3  h) 

Type  A 


Particle 

Type 

Corrosion 

Testing 

Kalntensity  (counts) 

Mg 

Cr 

Mn 

Fe 

Cu 

Zn 

A1 

A1 

before 

TR* 

ND* 

ND 

ND 

8510 

759 

1027 

after 

TR 

ND 

ND 

ND 

7828 

654 

837 

A2 

before 

313 

ND 

ND 

ND 

8326 

718 

1761 

after 

240 

ND 

ND 

ND 

6841 

591 

1571 

A3 

before 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

after 

ND 

ND 

ND 

ND 

6221 

536 

1548 

A4 

before 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

after 

ND 

ND 

ND 

ND 

8756 

650 

287 

*  ND:  not  detected 

*  N/A:  not  available 

*  TR:  trace 

EDX  RESULTS  FOR  SELECTED  PARTICLES  IN  7075-T6 
BEFORE  AND  AFTER  CORROSION  (0.5M  NaCl  @  80°C,  3  h) 

Type  C 


Particle  Corrosion  ^Intensity  (counts) 

Type  Testing 


Cl  before  ND*  383  531  6899  1479  407  2021 

after  ND  435  610  7530  1454  399  2892 


C2  before  ND  381  509  6256  3053  417  1343 

after  ND  408  501  5201  3606  384  1468 

C3  before  ND  903  804  6826  1401  428  4320 

after  ND  794  802  6846  1716  424  4512 

C4  before  ND  464  599  8072  1506  462  3571 

after  ND  460  681  7793  1337  453  2628 


*  ND:  not  detected 


Omni 


LOCALIZED  CORROSION  AT  CONSTITUENT 
PARTICLES  IN  7075-T6  ALUMINUM  ALLOY 

0.5M  NaCl  @  65  °C  (Free  Corrosion,  pH  6)  --  10  h 


GROWTH  AND  COALESCENCE  OF  PITS 

0.5M  NaCl  @  65  °C  (Free  Corrosion,  pH  6)  --  10  h  (7075-T6) 


A01F36-614.5.6 


CRACK  NUCLEATION  AND  EARLY  GROWTH 


Crack  nucleates  from  areas  of  severe  local  corrosion  (pits ) 

Failure  by-and-large  results  from  a  single  nucleation  site  (formed  by 
pitting  corrosion  from  a  cluster  of  Type  A  particles);  dominant  flaw 
model  appears  to  be  appropriate 

Pit-to-crack  transition  size  appears  to  depend  on  frequency,  being 
larger  at  lower  frequencies  ( competition )  -  addition  to  transition 
criterion  needed;  suggest 

AK  >  AK*  and  (da/dt)crack  >  (da/dt)p„ 

Transition  AK:  about  2.5  MPav/m  at  5-20  Hz  to  about  5  MPa\/m  at  0  1 
Hz  for  applied  <xmax  =  320  MPa  (@  open  hole) 

Extent  of  (post  crack  growth)  pitting  of  the  fracture  surface  also 
depended  on  frequency  (reflecting  the  duration  of  exposure),  further 
confirms  the  competition  between  corrosion  and  corrosion  fatigue 
crack  growth 


CR 


CRACK  INITIATION  AND  EARLY  GROWTH 

0.5M  NaCl  @  RT  (Free  Corrosion,  pH  6) 

(flrmax)hoic  ~  320  MPa,  R  =  0.1,  f  =  0.1  Hz  (160  h) 


V; 


Initiation  Site  A 


A01F20-007,14,18 


TRANSITION  FROM  PITTING  TO  FCG 

Effect  of  Frequency  (0.5M  NaCl  @  RT,  <rniax=320MPa,  R=0.1) 


Sample 

No. 

Frequency 

[Hz] 

N[  [cycles] 

Hi  [hrs] 

Ay  [cycles] 
///[hrs] 

(Pit  Size)* 

2c  x  a  [pm] 

( AK)  @  surface 
[MPaVm] 

A01F29 

20 

not  available 

58,629/0.81 

50x80 

2.83 

A01F14 

10 

29,700/0.83 

78,745/2.19 

45x35 

2.27 

A01F05 

5 

23,970/1.33 

59,381/3.3 

45x60 

2.60 

A01F39 

5 

27,470/1.53 

64,800/3.6 

40x60 

2.50 

A01F51 

0.5 

39,830/22.13 

77,875/43.26 

75x200 

3.65 

A01F08 

0.5 

41,138/22.85 

not  available 

67  x  150 

3.41 

A01F20 

0.1 

18,635/51.76 

57,809/160.58 

100  x  250 

4.20 

A01F36t 


8,000/0.44 


67,392/3.74 


*  2c  =  maximum  width  of  the  pit; 
a  -  maximum  depth  of  the  pit. 

t  Three  day  pre-exposure  to  NaCl  solution 
prior  to  corrosion  fatigue  testing. 


100  x  150 


A  PROBABILITY  MODEL  FOR 
PITTING  AND  FATIGUE  CRACK  GROWTH 
A  Dominant  Flaw  Model  for  Pitting  and  Corrosion  Fatigue 

(After  Y.  Kondo,  1989;  Kondo  and  Wei,  1989) 


□  Pitting  corrosion  (constant  volumetric  rate;  coalescence  of 
particle  induced  pits) 

□  Transition  from  pit  (hemispherical)  to  crack  (semi-circular) 
based  on  fatigue  crack  growth  threshold  (need  to  incorporate 
frequency  dependence  and  effect  of  chemically  short  crack) 

□  Further  transition  from  semi-circular  crack  at  open-hole  to 
through-thickness  crack 


A  PROBABILITY  MODEL  FOR 
PITTING  AND  FATIGUE  CRACK  GROWTH 

(continued) 


□  Constant  stress  amplitude  fatigue  crack  growth  using  a 
power-law  relationship  @  2  and  10  cycles  per  day  (spectrum 
loads  are  being  incorporated) 

□  Models  were  assumed  to  capture  some  of  the  key  mechanistic 
features,  and  provide  reasonable  "predictions"  of  response 

D  The  model  incorporated  initial  defect  size,  corrosion  rate, 
fatigue  crack  growth  rate  coefficient,  and  fatigue  crack 
growth  threshold  (AKJ  as  random  variables,  and  permitted 
examinations  of  the  contribution  of  each  of  these  variable  to 
the  distribution  in  life. 


A  PROBABILITY  MODEL  FOR 
PITTING  AND  FATIGUE  CRACK  GROWTH 

Pitting  Corrosion  and  Crack  Initiation 
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A  PROBABILITY  MODEL  FOR 
PITTING  AND  FATIGUE  CRACK  GROWTH 

Corrosion  Fatigue  Crack  Growth 


(da/dN)c  =  Cc(AK)n<: 


—  K  AoJ%a\ 
n  1 


A  cdna 


Vo) 


_ 0.865 


+  0.324 


0.681 


A  PROBABILITY  MODEL  FOR 
PITTING  AND  FATIGUE  CRACK  GROWTH 

Time-to-Failure 


t  r  —  t  .  +  t  +  f 
/  Cl  tc  eg 


K  =2.6;  r  =3 mm\  a  3mm;  n  =3 
t  o  f  c 


7~ 


6.064x10 


10 
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Ip  exp 


A H 


8.853x10 


-4 
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i6 


th 


Aa 
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RT  J 
0.1 92  Act 


A K 
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+- 


th 
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rvs:  aQ,Cc,lp  ,A£^;  parameters :  v,  A  a,  T 


A  PROBABILITY  MODEL  FOR 
PITTING  AND  FATIGUE  CRACK  GROWTH 

Cumulative  Distribution  Function  for  tf 

/vis  a  function  of  the  rvs:  a  ,C  ,/n  ,AK,. 

/  o  c'  P  '  th 

o 

Its  cdf  is  found  via  the  multi-dimensional  change  of  variables 
theorem  for  O:  B  — »  N,  where  the  components  of  B  and  N  are 

Bl=Cc'B2=  !P  ’  B3  =  ^th'  B4  =  ao 
o 

=  tf'  N2=B2’N3  =  BV  N4  =  B4‘ 

The  inverse  and  the  Jacobian  /  can  be  found  explicitly. 


I  oooooo 

F[  G)  =  J  J  J  J|-/|  /B l(n ))dn^dn^dn7dn 
f  0000 
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A  PROBABILITY  MODEL  FOR 
PITTING  AND  FATIGUE  CRACK  GROWTH 


DEFECT  SIZE 


ln(time;  days) 


ln[-ln(l  -  cdf)] 


cdf,  F(t)  =  PrjT 


A  PROBABILITY  MODEL  FOR 
PITTING  AND  FATIGUE  CRACK  GROWTH 

Influences  of  Stress  Level  and  Temperature 


ln(time-to— failure;  days) 


ln(time— to-failure;  days) 


- 1  ’ i  ’  ""i  -  ,  ,  -v "n 

. , . . .  i .  ryrnjr . 

AKth  -  3-OUPav'm 

/  >  / 

>  /  / 

T  -  203K 

v  -  lOcye/day 
-  n,  -  3 

/ '  / 
it 

_ 

1 1 

I1 

*  Air  (UPa) 

1 1 

-  ao 

- 90 

- - loo 

-  . 1 _ _  _ _ 

jll 

. i  !  i.l . i  .... 

101  10a  103  lO4 

time-to— failure  (days) 


AKlh  -  3-OUPav'm 
Air  -  SOUPa 
v  «  lOcyc/d ay 

-  3 


temporature  (X) 

-  273 

- 293 

- 313 


time-to-failure  (days) 


A  PROBABILITY  MODEL  FOR 
PITTING  AND  FATIGUE  CRACK  GROWTH 
Contribution  of  Individual  Randon  Variables 
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SUMMARY 


□  Pitting  in  aluminum  alloys  is  associated  with  constituent  particles 

□  Cracks  nucleate  from  areas  of  severe  local  corrosion  (i.e.,  pits 
formed  from  clusters  of  particles) 

□  Failure  by-and-large  results  from  a  single  nucleation  site;  dominant 
flaw  model  appears  to  be  appropriate 

□  Pit-to-crack  transition  size  depends  on  frequency  (and  stress  level), 
being  larger  at  lower  frequencies  ( competition )  --  transition  criteria: 

AK  >  AK*  and  (da/dt)cracjc  >  (da/dt)pjt 

□  Development  of  mechanistic  and  stochastic  models  to  incorporate  2 
and  3  dimensional  aspects  of  pit  coalescence  and  frequency  depen¬ 
dent  transition  (crack  nucleation)  criteria,  along  with  an  appropriate 
model  for  corrosion  fatigue  crack  growth 


AFOSR/URI  Materials  Degradation 

University  of  Illinois  at  an<*  Fatigue 

Urbana-Champaign  Under  Extreme  Condition 


Introduction 


Background: 

Surface  cracks  under  rolling 
contact  loadings  grow  faster  in 
the  presence  of  lubricants. 

Issues: 

•  Role  of  hydraulic  pressure  in 
crack  propagation. 

•  Solid- Viscous  fluid  interaction. 

•  Properties  of  lubricants. 


Ar  UjK/UKI  Materials  Degradation 

University  of  Illinois  at  and  Fatigue  AFOSR/URI  Materials  Degradation 

Urbana-Champaign  Under  Extreme  Condition  University  of  Dlinois  at  and  Fatigue 


FIG.2  Idealized  model 


Tension-Torsion  Actuator 


Initial  Stages  of  Metallic  Oxidation 

Professor  Steven  J.  Sibener 


James  Franck  Institute  and 
Department  of  Chemistry 
The  University  of  Chicago 
5640  South  Ellis  Avenue 
Chicago,  IL  60637 


Today's  Topics 

Electron  Stimulated  Oxidation  of  Metallic  Interfaces: 

Ni(l  1 1)  at  Low  Temperatures 

•  Synergistic  Effects  Due  to  Electron  Irradiation 

Initial  Stages  of  Oxidation  for  a  Stepped  Metallic  Surface:  Ni(977) 

•  Step  Doubling/Undoubling  Due  to  Oxygen  Adsorption 

Atomic  Force  and  Scanning  Tunneling  Microscopy  Studies  of 
Metallic  Oxidation 

•  Real  Space  Imaging  of  Corrosion  Events 

•  Future:  Stress  Effects  in  Metallic  Corrosion 


Schematic  View  of  the  Combined  Molecular 

Beam/Inelastic  Electron  Scattering  Apparatus  Electron  Stimulated  Oxidation  of  Metallic 

Interfaces:  Ni(lll)  at  Low  Temperatures 
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energy/flux  effects;  Molecular  Beams  (including  kinetic  energy 
control)  for  mechanistic  studies;  Scanning  Tunneling/Atomic 
Force  Microscopy  for  atomic  level  imaging/surface  morphology 
studies,  etc... 


Direct  Evidence  for  Electron  Stimulated  Oxidation  of 

Ni(lll)  at  Low  Temperature  I  I  Various  Stages  of  Ni(lll)  Interface  Oxidation 

I  I  (Without  Presence  of  Electrons) 
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Conclusion:  Synergistic  Effects  Involving  Electrons  |  |  Oxygen  Exposure  (L) 

Lead  to  Enhanced  Interface  Oxidation  at  Low  Temperature 
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Conclusion:  Electron  Irradiation  Creates  Oxide  Nucleation 

Centers  Which  are  Relatively  Stable  Conclusion:  Electron  Irradiation  at  Low  Temperatures  Can 

Stimulate  the  Formation  of  Nickel  Oxide 


Conclusion:  Cross  Section  Varies  as  a  Function  of  I  I 

Incident  Electron  Energy  I  I  6  =6S  ~(9S  -0c)exp(-k(to  +-exp(- 


Comparison  of  Model  Predictions  and  Oxygen  Uptake  Data  for 
Electron  Stimulated  Oxidation  of  Ni(lll)  Using  Constant  I 
Electron  Flux  Densities  I 
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Conclusion:  Theoretical  Model  Successfully  Accounts 
for  the  Experimental  Data 


What  are  the  initial  stages  of  oxidation  for 
a  stepped  metallic  surface? 

•  Ni(977):  Model  system  for  corrosion  studies 

•  Structural  and  Vibrational  Properties  Characterized  with  Low 
Energy  Neutral  He  Scattering 

•  Observation  of  Step  Doubling  and  Un-Doubling 

•  Kinedcs 

•  Diffusion  Coefficients  for  Ni  during  Oxidadon 

•  Mechanism  of  Step  Coalescence 

•  How  do  the  forces  present  at  stepped  surfaces  differ 
from  those  at  smooth  surfaces  and  the  bulk? 

•  New  Localized  Modes 


•  Concepts:  Surface  Stress  and  Surface  Softenin 


Step  Doubling 


Double  Step  Growth  As  A  Function  of  Crystal 
Temperature  At  A  Fixed  Oxygen  Coverage  (0.01 8L) 


T(K) 


Key  Technique: 

We  use  out-of-phase  condition  for  single  stepped  surface: 

kh(cos9i  +  cos0f)  =  (2n+l)jr, 

and  in-phase  condition  for  double  stepped  surface: 

k(2h)(cos0i  +  cos9f)=  2(2n+l)rc  =  2mn, 

so  that  we  can  monitor  the  diffraction  intensity  due  to 
double  stepped  surface  only. 


Helium  Scattering  From  A  Fully  Double  Stepped  Surface 
( In-Phase:  High  Signal)  And  A  Fully  Single  Stepped 
Surface  (Out-of-Phase:  Low  Signal) 


0=28.4U 


:  E  =20.2  meV 

.  i 

2?  15  :  Crystal  At  450K 
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Final  Angle 


Time  Evolution  of  Double  Step  Population 
Upon  0.048L  of  Oxygen  Exposure 
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Kinetics  of  Step  Doubling: 

S  +  S  - D,  2nd  Order, 

^=K{1-{D]}2 
Assume  Id  •*  [D], 

Then,  IdU)  = 

Arrhenius  Analysis:  Mobility  information  for  surface  Ni 
atoms  with  the  presence  of  oxygen. 

Under  0.0 18L  of  oxygen  exposure: 

Ea  =  0.74eV,  Ao  =  5.2xl05s-l 
Under  0.048L  of  oxygen  exposure: 

Ea  =  0.52eV,  Ao  =  1.35xl03s-l 

Oxygen  coverage  dependent,  surfaaant  assisted. 


32.65  33.3  33.95  34.6 

Final  Angle 


Step  Doubling  and  2nd  Order  Kinetics  Fits 
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Step  Coalescence 
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ATOMIC  FORCE  MICROSCOPY  IMAGE  FOR 
POLISHED  SAMPLE  OF  AIR  OXIDIZED  ALUMINUM 


j3 

1  “•§ 

<u  -a  o 
OaS 
at*  2 

X  Jr;  o3 

o 

O  C-G 
3  2 
«  h|  « 

2  3  c 

6  f,-2 

O  co 

S3  >  p 

3  9c 

«  a  o 
.8  S* 2 
.5  ^3 
g  _  o 

a  O 
tC  "  c3 
O  «T3 

S  o  o 

*“*  0) 
>,  c  o 

a  H.d 


•oil 

£  .5? 


-a^S 

§  T3 

i-  g 


2  *n 

“  I 

^  10 


a,  g 

2  S 

22 

D  2 

Si 

.  T3 


'got- 
o  -m  o 
«S 

W>  >» 

n  <u  s 
o 

TJ  S 
c  « «- 

+*  *2 
cn  «S 

b)  tj  e 

-a  o 
fiJ3  S 

3  ►»*§  : 
O  * 

«  fa  13 

o  ce  O  bi 
r  3  y  U 

& 5/3  fas  2 
Sfi°S 
s  »- 
a  is  "O  «? 
2  u  o  u 

<  «  J’S 

..S«fa 

«  a  u 
clp—  b  u 

o  «  - 

B  u  'S3  2 

■■  «  i. 

o  £ 

H  S  fa  I 

§  2*2 

((3.1  2 


Chemotherapy  <=  Treatment  =>  Replacement 
Surgery...  Refurbishment... 
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are  as  follows: 


The  goal  is  to 

•  Understand  this  system  mathematically,  i.e.  exis¬ 
tence.  uniqueness:  continuous  dependence,  numerical 
solutions. 

•  Determine  whether  it  is  useful  in  predicting  failure, 
i.e.  practical  value,  how  well  does  it  model  reality. 

Results  to  date: 

Application  of  known  mathematical  techniques  gives 
existence  theory.  Because  system  is  hyperbolic/parabolic 
answers  to  other  questions  are  still  at  a  very  preliminary 
state. 
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This  circuit  corresponds  to  the  curve  on  the  preceding 
slide.  In  effect,  the  flawed  portion  of  the  surface 
dominates  the  interfacial  behavior,  and  an  inductor  replaces 
the  interfacial  capacitance. 


ELECTROCHEMICAL  IMPEDANCE  SPECTROSCOPY 


Metal  /  Electrolyte  Interface  behaves  as  RC  rtrrnfr 


Rji  Solution  Rasistamt. 

R^:  Corrosion  Resistance 
Cyi  Capacitance 


"Nyquist  "  plot  for  the  circuit 


Real  component  of  impedance  vs.  imaginary  component 
( Parametric  in  frequency ) 

(0  :  Angular  frequency 


Corresponding  "  Bode  "  plot 
(log!  z  I  vs.  log  frequency) 


Real  and  imaginary  components  of  impedance  vs. 
frequency. 


Paint  Film  Protected  Aircraft  Structure 


Steel  fastener 


7075-T6  aluminum 


Localized  Corrosion  in  Aircraft  structure 


Penetration  of  electrolytic  solution 
through  cracks  of  painted  layer 


Paint  film 
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(Cathode) 


(  Anode ) 


Corrosion 
beneath  paint 


Intergranular 

corrosion 


7075-T6  aluminum 


Steel  fastener 


Crevice  corrosion 


Crevice  Corrosion  at  Fastened  Join 


washer 


low  oxygen  concentration 
(anode). 


corrosion 

product 


high  oxygen  concentration 
outside!  catho  de) 


Cathodic  reaction  (  at  oxygen  rich  site ) 


1/2  02  +  H2O  +  2er 


20H- 


Anodic  reaction  ( at  oxygen  poor  site) 


M?*  -*•  2er 


At  mouth  of  crevice 
*  20H-  - 


M(OH)2  (solid) 


Autocatalytic  Mechanism  of  Pit  Growth  and 
Crevice  Corrosion 


hydrochloric  add  that  accelerates  pit  growth. 
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1.0E+06  A 


Zreal  (ohms) 

Impedance  of  painted  2024-T3  aluminum  specimen 
in  sea  water  —  intact  paint  film. 


Intergranular  Corrosion 


-Zimag  (ohms) 


Equivalent  circuit  for  coated  specimen 


Rp 


Cc 


Rs  :  solution  resistance 
Rpo:  pore  resistance 

Cc  :  coating  capacitance 

Cp  :  capacitance  of  corroding  interface(double  layer) 
Rp :  corrosion  resistance 


Impedance  of  painted  2024-T3  aluminum  specimen 
in  sea  water  —  visible  blister. 
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Impedance  of  chromated  7075-T6  aluminum 
in  sea  water. 
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IMPEDANCE  SPECTROSCOPY 
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Chromated  7075-T6  in  sea  water  with  film  defect 
showing  inductive  behavior. 


Equivalent  circuit  for  coated  specimen 


Rp 


Rs  :  solution  resistance 
Rpo:  pore  resistance 

Cc  :  coating  capacitance 

L  :  inductor  associated  with  adsorption(chromate  ?) 
Rp :  corrosion  resistance 


Project  Objectives 


1- "  Fingerprint  ”  various  modes  of  corrosion 
via  electrochemical  impedance  spectroscopy. 

2.  Understand  "  fingerprints  ”  in  terms  of 
electrochemical  fundamentals. 


3.  Develop  field  instrument  to  collect 
fingerprints  "  from  aircraft. 


Schematic  diagram  of  instrumentation 
for  AC  impedance  studies 


IBM 

Personal 

Computer 


Project  title: 


Nondestructive  Evaluation  of  Corrosion-Damaged 

Structures 

“Application  of  Electrical  Impedance  Tomography 
to  Corrosion  Monitoring” 


Fadil  Santosa  Ian  Hall 

Mathematical  Sciences  Material  Science 

University  of  Delaware  University  of  Delaware 


Michael  Vogelius  William  Mayo 

Mathematics  Mechanics  and  Material  Science 

Rutgers  University  Rutgers  University 


Peter  Kaup  and  Henry  Konstanty  (Grad  Students) 

To  be  named  (Postdoc) 

Main  Goals: 

•  To  assess,  through  theoretical,  computational  and  laboratory  work, 
if  Electrical  Impedance  Tomography  can  be  used  effectively  as  a 
Nondestructive  Evaluation  tool  for  corrosion  management. 

•  To  generate  knowledge  base  for  future  development  of  realtime 
NDE  tool  for  corrosion. 

•  To  develop  basic  knowledge  of  corrosion  phenomena  in  modem 
materials  particularly  those  used  in  aircraft  applications. 


l 


Practice  problem:  2-dimensional  model  problem 


Problem:  Determine  0(x)  from  curreut  nnrl  voltages. 


Mathematical  problem: 


u(x.  y)  voltage  potential  generate  by  current  distribution,  satisfies 


V2u  =  0  for  0  <  x  <  1,  0  <y<a  +  9(x). 

du  du  du 

-(0.y)  =  -(1.!/)=0.  -(x.a  +  *(x))  =  0. 


Input  current  idealized  as 


du 

^(X,°)  =  /(X) 


Data  idealized  as 

u(x,  0)  =  V(x). 


Notation:  uo(x,y)  potential  when  9(x)  =  0;  Vq(x)  :=  tto(x,  0). 


Problem:  Determine  9(x)  from  V(x)  given  f(x). 


Some  pertinent  issues: 

•  What  distribution  of  current,  /(x),  is  best? 

•  What  is  the  smallest  anomaly,  represented  by  9(x),  that  such  a 
device  can  detect? 

•  How  to  find  the  anomaly  from  the  data  K(i)? 


Best  current: 


The  best  /(x)  will  depend  on  what  0(x)  we  are  trying  to  find. 

Optimization  problem:  Find  /(x)  such  that  for  a  given  known  9(x) 
such  that  (V'(x)  —  V0(x))  is  as  large  as  possible  (say  in  RMS). 

In  absence  of  prior  knowledge,  we  assume  that  we  are  trying  to  find  a 
pit  at  the  center  of  the  plate. 


How  large  is  (V(x)  —  Vo(x))  for  clifferent  size  anomaly? 


Immediate  plans 


•  develop  enhancement  technique  to  handle  limited  resolution 

•  complete  construction  of  laboratory  equipment 

•  test  method  against  laboratory  data 

•  develop  three  dimensional  version  of  the  method  and  laboratory 
experiment 


Other  activities: 

•  Experimental  investigation  of  corrosion  in  metal-matrix  compos¬ 
ites  (Hall  and  student).  Some  data  already  generated. 


•  Experimental  investigation  of  stress  corrosion  cracking  (Mayo). 


CHARACTERIZATION  OF  MATERIALS 
DEGRADATION  DUE  TO  CORROSION  AND 
FATIGUE  IN  AEROSPACE  STRUCTURES 

Principal  Investigator: 

Ajit  K.  Mai 

Mechanical  Aerospace  and  Nuclear  Engineering 

Co-Principal  Investigators: 

Jenn-Ming  Yang 

Material  Science  and  Engineering 

Ken  Nobe 

Chemical  Engineering 

University  of  California,  Los  Angeles 


Project  supported  by  the  Air  Force  Office  of  Scientific 
Research  (AFOSR)  Under  University  Research  Initiative  (URI) 


1.  Electrochemistry  of  Corrosion  in  Metals  and  Alloys 


•  Conduct  laboratory  tests  to  determine  the  parameters  that 
control  the  growth  and  dissolution  of  salt  films  at  crack  and 
pit  sites  in  aluminum,  titanium  and  their  alloys. 

2.  Degradation  of  Metal -Matrix  Composites  Under 
Fatigue  Loads 

•  Conduct  laboratory  tests  and  micromechanical  modeling  to 
develop  a  fundamental  understanding  of  the  relationship 
between  damage  accumulation  and  property  degradation  in 
SiC/Ti  composites  under  fatigue  loading. 

3.  Nondestructive  Evaluation  of  Materials  Degradation 

•  Develop  ultrasonic  techniques  using  immersion  as  well  as 
contact  type  arrangements  to  detect  and  characterize  hidden 
damage  in  structural  components. 


ELECTROCHEMISTRY  OF  CORROSION  IN  METALS 
AND  THEIR  ALLOYS 

•  Growth  and  breakdown  of  salt  films  on  2024T4  and 
606 1T5  aluminum  and  pure  titanium  in  concentrated 
chloride  media  were  studied  in  an  effort  to  understand  the 
electrochemistry  of  localized  corrosion  in  these  materials. 

Fig.  la  shows  the  experimental  setup  and  Fig.  lb  shows  the 
details  of  the  cell  used. 

Figures  2,  3  and  4  show  typical  results  for  a  2024— T4 
aluminum  rotating  disc  electrode  in  5M  NaCI  solution. 

•  Results  indicate  that  the  growth  and  dissolution  of  anodic 
films  give  rise  to  strong  potential  peaks.  The  dynamics  of 
the  process  is  chaotic  at  low  current  densities  but  becomes 
quasiperiodic  with  frequency  of  approximately  12  Hz  at 
higher  currents. 
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deformation  of  the  matrix  (Fig.  9). 


Fig.  8.  Normalized  mode  1  stress  intensity  factor  for  a  pair  of  transverse 
cracks  between  two  dose  fibers  in  an  infinite  matrix  subjected  to 
_  transverse  tensile  stress. _ 


tip  in  SCS-6/Ti-15-3  composites 


NONDESTRUCTIVE  EVALUATION  OF  MATERIALS 

DEGRADATION 

•  Stiffness  and  thickness  reduction  in  corroded  aluminum  and 
heat-damaged  Gr/Ep  composite  panels  were  characterized 
based  on  the  measurement  and  analysis  of  guided  wave 
speeds  using  contact  transducers. 

•  Characterization  of  hidden  defects  in  aluminum  lap  joints 
was  accomplished  using  contact  ultrasonics. 

•  Source  location  was  determined  through  measurement  and 
analysis  of  waveforms  from  fatigue  crack  propagation 
events  in  notched  aluminum  specimens. 

•  Thermal  degradation  in  adhesive  joints  and  Gr/Ep 
composites  was  characterization  from  measurement  and 
analysis  of  leaky  Lamb  waves. 


♦  Characterization  of  stiffness  and  thickness  reduction  in 
corroded  aluminum  and  heat-damaged  Gr/Ep  composite 
panels  based  on  the  measurement  and  analysis  of  guided 
wave  speeds  using  contact  transducers. 

Fig.  10  shows  a  typical  source/receiver  arrangement,  the 
recorded  waveforms  and  their  frequency  spectra  for  an 
aluminum  plate  of  1/8"  (3.2  mm)  thickness. 

The  source  is  a  5 -cycle,  200  kHz  tone  burst.  The  first  two 
wave— arrivals  are  the  extensionai  and  flexural  waves 
propagating  across  the  array. 

The  group  velocity  of  each  wave  was  calculated  from  the 
data;  they  are  5.2  mm/^s  and  3.1  mm/jis,  respectively.  The 
shear  wave  speed  in  the  material  and  the  thickness  of  the 
panel  are  calculated  from  these  two  values. 


Reductions  in  shear  wave  speed  and/or  thickness  from  their 
standard  values  can  be  attributed  to  degradation. 


Fig.  10  Velocity  measurement  of  guided  waves  using  multiple  receivers. 


•  Characterization  of  hidden  defects  in  aluminum  lap  joints 
using  contact  ultrasonics. 

Figures  11  and  12  show  the  transducer  arrangements  and 
recorded  waveforms  in  an  undamaged  and  a  damaged  lap 
joint. 

The  amplitudes  of  the  waves  recorded  by  the  third  receiver 
in  the  two  specimens  are  significantly  different. 


The  reduction  in  the  amplitude  is  caused  by  the  hidden 
damage;  the  amount  of  reduction  is  a  measure  of  the  degree 
of  damage. 


Lap  Joint 
Without  Corroston 


Receiver* 
I  2  3 


Generator 


Fig.  1 1 .  Lap  joint  inspection  using  contact  ultrasonics:  no  hidden  corrosion. 
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Fig.  12.  Lap  joint  inspection  using  contact  ultrasonics:  joint  with  hidden  corrosion. 


•  Source  location  and  characterization  from  measurement  and 
analysis  of  waveforms  due  to  fatigue  crack  propagation 
events  in  aluminum  specimens  using  the  Fracture  Wave 
Detector  made  by  Digital  Wave  Corporation. 

Fig.  13  shows  a  typical  experimental  arrangement  using  an 
array  of  four  receivers  and  a  simulated  AE  source  (lead 
break).  Also  shown  are  the  recorded  waveform*;  which 
consist  of  extensional  and  flexural  waves  propagating  across 
the  array. 

Spectral  analysis  of  the  waves  leads  to  the  determination  of 
the  source  location. 

Fig.  14  shows  a  fatigue  test  on  a  notched  aluminum 
specimen.  The  Fracture  Wave  Detector  was  used  to  locate 
cracking  events  during  the  fatigue  test  at  2  Hz.  A  total  of 
432  events  were  located. 


The  waveforms  recorded  in  a  typical  event  are  shown  in  the 
top  left  panel;  the  source  is  located  through  signal 
processing  and  spectral  analysis  of  the  flexural  waves. 


transmitter 


•  Characterization  of  thermal  degradation  in  aluminum 
adhesive  joints  from  the  measurement  and  analysis  of  leaky 
Lamb  waves. 

Fig.  15  shows  the  leaky  Lamb  wave  setup;  it  is  used  to 
measure  guided  wave  speeds  in  specimens  immersed  in 
water. 

Fig.  16  shows  the  Lamb  wave  dispersion  curves  in  an  area 
away  from  the  bond  before  and  after  heat  treatment. 
Clearly,  there  is  no  change  in  the  properties  here. 

Figure  17  shows  the  same  for  the  bonded  region;  there  is 
a  significant  shift  downward  in  the  dispersion  curves, 
indicating  reduction  in  overall  stiffens. 

Figure  18  shows  the  change  in  the  dispersion  curves  due  to 
heat  damage  in  a  bonded  titanium  specimen. 

The  data  will  be  analyzed  through  modeling  in  an  effort  to 
quantify  the  damage. 


wave  setup  for  inspection  of  heat  damaged  adhesive  joints 


Test  Region 
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Fig.  16.  Lamb  wave  dispersion  curves  for  an  aluminum  plate  of  1.5  mm  thickness 
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RESEARCH  PLAN  FOR  NEXT  YEAR 

•  Extend  corrosion  experiments  to  include  simultaneous 
application  of  quasistatic  and  cyclic  loading  in  aluminum 
specimens. 

•  Construct  predictive  models  for  crack  initiation  and 
extension  from  pit  sites  in  corroded  aluminum  panels  under 
static  and  fatigue  loadings. 

•  Continue  work  on  the  characterization  of  fatigue -induced 
degradation  in  high  temperature  composites. 

•  Continue  research  on  ultrasonic  NDE  using  guided  as  well 
as  bulk  waves  for  quantitative  characterization  of:  (a) 
hidden  corrosion  in  real  lap  joints,  (b)  bond  deterioration  in 
adhesive  joints,  (c)  heat  damage  in  Gr/Ep  composite  panels 
and  (d)  the  integrity  of  boron/epoxy  repair  patches  in 
aluminum  panels. 


Fig  18.  Lamb  wave  dispersion  curves  in  bonded  titanium  before  and  after  heal  treatment 


Advanced  Instrumentation  and 
Measurements  for  Early  Nondestructive 
Evaluation  of  Damage  and  Defects  in 
Aerostructures  and  Aging  Aircraft 
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John  P.  Wikswo,  Co-PI 
James  A.  Cadzow 
Thomas  A.  Cruse 
William  F.  Flanagan 
George  T.  Hahn 
Barry  D.  Lichter 

Northwestern  University 

Jan  D.  Achenbach,  Co-PI 
Isaac  M.  Daniel 
Shridar  Krishnaswamy 

AFOSR  Contract  F49620-93-1-0268 


Research  Tasks 


Task  1  NDE  Instrumentation  Development 

—  Existing  instruments:  MicroS QUID,  imaging 
susceptometer,  bmosquid 

—  High-sensitivity  ELF  eddy  current  system 

—  Digital  SQUID  (with  Hypres,  Inc) 

—  High-Tc  systems 

—  Fiber-op tic/laser  ultrasonic  technique  to  image  cracks 
perpendicular  to  the  scanning  plane 

—  Real-time  optical  NDE  systems  using  adaptive 
photcrefractivc  crystals  and  synchronized  stressing 


FacUity  Scfiema'ic 


Cm  cud  Board  Imaga 


SUSCEPTIBILITY  IMAGES  OF  PLEXIGLASS 


A  25.4  mm  square  sample  of  plexiglass  containing  five  1.8  mm  diameter  holes 
was  magnetized  in  a  1 10  uT  applied  field  and  scanned  at  a  distance  of  2.0  mm. 
Images  show  the  distribution  of  diamagnetic  material. 


SQUID  Control  j - 1  Lock  —  ln 


MAGNETIC  DECORATION  OF  SURFACE  DEFECTS 


NDE  test  sample  containing  electric  discharge  machined  rectangular  slots 
with  dimensions  of  -100  urn,  surface  decorated  with  paramagnetic  microspheres. 
Magnetic  field  recorded  2.0  mm  from  sample  with  174  uT  applied  field. 
Susceptibility  images  display  location  and  size  of  surface  defects. 


Task  2  NDE  Theory  and  Techniques 

—  SQUID  measurements:  Imaging  of  injected  and  ELF 
eddy  currents 

—  Time  reversal  techniques  for  ultrasonic  NDE  methods 

—  Models  for  NDE  measurements 

*  Static  model  of  spheroidal  holes 

*  Static,  three-dimensional  finite  element  model 

*  Boundary  element  model 

*  Eddy  current  models 

*  Measurement  models  for  ultrasonics 


Aluminum  plate  with  aluminum  rivets 
Induced  current  (f=144Hz)  in  transverse  direction 


Coordinated  Sample  I 


Coordinated  Sample  II 
Hidden  Corrosion 


Sample 


Figure  2-3.  EDM  simulated  flaws  in  7075-T6  aluminum  panels  (see  teat  for  detailed 
description). 


Fijute  1-4.  F  IS  winj  splice  schematics  aid  simulations  (see  less  lor  description). 


DECONVOLUTION  OF  DISTORTED  IMAGES 


Our  group  has  been  employing  two  basic  methods  for  recover¬ 
ing  current  density  information  from  magnetic  field  measure¬ 
ments.  These  methods  have  been  developed  at  Vanderbilt  and 
are  referred  to  as 


Signal  Enhancement 
Blind  Deconvolution 


Signal  enhancement  is  a  more  mature  technique  and  it  has 
rendered  useful  deconvolution  for  recovering  current  density. 
Our  groups  blind  deconvolution  method  is  relatively  new  and 
is  under  development.  It  may  be  more  promising  for  the  task 
at  hand. 


Figure  2-1.  Example  ot  image  processing  capability  using  multiple  fillers. 


CURRENT  DENSITY  RECOVERY 
VIA  BLIND  DECONVOLUTION 


In  the  two  dimensional  recovery  problem,  the  measured  image 
(magnetic  density)  is  assumed  to  be  governed  by 

N  M 

y(m,  n)  =  £  E  g(j>  k)x(m  -  j,n-k)  4-  w(m,  n )  (1) 

in  which  the  point  spread  function  g(j,  k)  is  not  known  It 
is  desired  to  recover  the  current  density  x(m,  n)  from  these 
noise  contaminated  magnetic  density  measurements.  The  sig¬ 
nal  processing  group  at  Vanderbilt  University  is  developing  an 
algorithm  for  solving  this  two-dimensional  blind  deconvolution 
problem.  The  results  shown  on  the  next  transparency  have 
been  obtained  using  this  groups  one-dimensional  blind  decon¬ 
volution  algorithm.  When  the  two-dimensional  algorithm  is 
finalized,  significantly  better  image  recovery  performance  will 
be  obtained. 


Task  7.1  :ReliabiIity  of  Detection  &  POD  Analysis 

Objective:  Simulate  the  reliability  of  NDE  methods  based  on  FORM/SORM 
technologies 

Approach:  Use  perturbation  models  of  the  governing  physical  detection 
processes  and  combine  these  with  probabilistic  models  of  the  independent 
random  variables 

First-year  Status: 

•  Assessed  the  SOA  for  probabilistic  NDE 

•  Defined  valid  NDE  POD  modeling  approach 

•  Demonstrated  BEM  sensitivity  approach  on  collaborative  effort 

•  Applied  probabilistic  methods  to  rotor  cracking  field  problem 

•  Initiated  engineering  approach  to  SQUID  with  Tony  Ewing 

•  Developed  illustration  problem  for  SQUID  POD  model 


Approach  to  POD  results  in  normal  distribution  of  data 


Task  4  Damage  Detection  in  Composite  Materials 

-  Techniques  for  detection  and  characterization  of 
matrix  cracking,  porosity,  fiber/ matrix  debonding 

-  Real-time  NDE  techniques  for  monitoring  damage 
evolution 


Task  5  Fatigue  Damage  Characterization 

—  Preparation  of  flawed  samples:  Riveted  assemblies 

—  Constitutive  relations  for  cyclic  deformation 

—  Non-linear  finite  element  analyses  of  cyclically-loaded 
rivet  holes. 

—  Characterization  of  structural  changes  attending  fa¬ 
tigue:  Aluminum  alloy  sheet  with  rivet  holes. 


Task  6  Corrosion 

—  Identification  of  aircraft  structures  and  corresponding 
corrosion-related  failure  modes. 

—  Procedure  development. 

—  Examination  of  scientific  problems. 

—  Practical  NDE  detection  of  corrosion-related  damage. 


(p-risa)  » 


Figure  6-5.  Magnetic  field  as  a  function  of  lime  during  pitting  corrosion  of  7075  aluminum 
alloy  sample  in  a  solution  of  3.5%  NaCI  +  5  ppm  Cu'\ 


151x151  mm  lor  the  whole  sample.  Data  was  obtained  in  the  period  of  234  lo  252 
minutes  after  the  sample  was  placed  in  the  solution. 
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Srldhar  Krlshnaswamy  •Rellablllty-NDE  connection 


Depth  Profiling  Apparatus 
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FULL-FIELD  OPTICAL  TECHNIQUES 

ESPl,  SHEAROGRAPHY,  HOLOGRAPHY 


LARGE  AREA  INSPECTION 
RAPID  TESTING 
SADVANTAGES 
NOISE  PRONE 


Diffusion-bonded  Titanium  Aircraft  Structures 
Space  Shuttle  Component  Inspection 

Shearography  NDT  of  B1-B  Engine  Inlet,  Wing  Skins  and  Spars 
Concorde  Elevon  Inspection 

Beech  Aircraft  NDT  of  metal-metal  bonds,  aluminum  honeycomb  etc. 


GOAL:  To  develop  dynamic  holographic  NDE  system  which  will  be 

-  Noise  insensitive 

-  analog  (faster  and  less  expensive  than  ESPl  /  Shearography) 

-  high-resolution 


SPECIMEN  CONVENTIONAL  ASPM-ESPI 

GEOMETRY  ESPI 


•Note  that  in  the  conventional  technique  some  of  the  disbonds  are  not  detected  due  to 
ambient  noise. 


Four-wave  mixing 


Piezoelectric  membrane  vibrating  at  9.2  kHz 


ADVANCED  INSTRUMENTATION  AND  MEASUREMENTS  FOR  EARLY 
NDE  OF  DAMAGE  /  DEFECTS  IN  AGING  AIRCRAFT 
AFOSR-URI  /  NORTHWESTERN  UNIVERSITY 


TASK  4:  DAMAGE  DETECTION  IN  COMPOSITE  MATERIALS 
TASK  LEADER:  LM  DANIEL 

OBJECTIVES :  THE  OBJECTIVE  OF  THE  PROPOSED  TASK  IS  TO 
DEVELOP  AND  APPLY  NONDESTRUCTIVE  EVALUATION  METHODS 
FOR  DAMAGE  DETECTION  AND  DAMAGE  EVOLUTION  IN 
COMPOSITE  MATERIALS  FOR  THE  PURPOSE  OF  DEVELOPING 
DAMAGE  ACCUMULATION  AND  LIFE  PREDICTION  MODELS. 

DELIVERABLES:  TECHNIQUES  FOR  DETECTION  AND 
CHARACTERIZATION  OF  MATRIX  CRACKING.  POROSITY, 
DELAMINATION  AND  HBERVMATRIX  DEBONDING  IN  COMPOSITE 
MATERIALS;  REAL-TIME  NDE  TECHNIQUES  FOR  MONITORING 
DAMAGE  EVOLUTION. 


ULItrasonic  Characterization  of  Matrix 
Cracking  in  Crossply  Laminates 


Material:  IM7/3501-6  carbon/epoxy. 

Layup:  [0/902],  and  [0/904],  crossply 

laminates. 

Loading:  Monotonic  uniaxial  tension. 

Measurements:  Stress-strain  behavior. 

X-radiographs  for  crack  density. 
Ultrasonic  backscattered  energy, 
wavespeeds,  and  attenuation. 
Monitoring  of  Acoustic  Emission  (AE) 

Results:  Correlate  ultrasonic  and  AE 

measurements  with  matrix  cracks  and  - 
degradation  of  material  properties. 


Stress,  a ,  ksi 


I  I  §1 _ /"S'* 

|  J-  f§ 


AE  acquisition 


Ultrasonic' 

transouear 


□IgtaJ  osctlloscopa 


Pulsa  ganstator 


ULTTUSCMC 

SIGNAL 


Hg.  1.  Schematic  diagram  of  system  used  for  real-time  monitoring  of  damage  development 
in  composite  materials. 


iergy 


4-  Kappana  of  AH  events  for  various  ampUmdc  ranges  u  a  funenon  of  appii~4 


am  an  02t  03  aw  aa  osr  om  0.7 3  a u  am  \m  ui  t.2  1.29 


Scram,  t.  % 

Fig.  5.  Histograms  of  AH  events  of  amplitudes  above  85  dB  as  a  function  of  applied 
strain. 


Conclusions 


•  Ultrasonic  backscattered  energy  is  constant  in  the 
linear  region  of  the  stress-strain  curve. 

•  Backscattered  energy  increases  sharply  in  the  matrix 
cracking  region  up  to  the  crack  saturation  point 

•  At  the  crack  saturation  point,  the  backscattered  energy 
is  stabilized  or  starts  decreasing  whereas  the 
stress-strain  behaves  linearly. 

•  Matrix  cracking  produces  primarily  high  amplitude 
(greater  than  85  dB)  AE  signals. 

•  Low  amplitude  signals  in  large  numbers  are  noticed  in 
the  last  part  of  the  stress-strain  curve  possibly 
associated  with  the  failure  mechanisms  or  internal 
friction. 


LASER-BASED  ULTRASONIC  INSPECTION 


•  Measure  Thin  Film  Elastic  Constants  I  I  .  Easy  Scanning 

•  Detect  Cracks  in  Fuselage  Panel  I  I 

•  Fiber  Guided  Remote  Crack  Detection  |  |  *  Remote  Application  by  Use  of  F.ber  Optics 

The  technique  uses  a  laser  to  excite  ultrasound  and  a  single  or  dual-probe 
laser  interferometer  for  the  measurement  of  ultrasonic  signals. 


Circumferential  Scan  of  a  Revit  head 


Time  (ns) 


EDM  Notch 


Reflection  Coefficient 


•  Advantages 

•  Compensates  for  Material  Variations 

•  Automatic  Focusing  on  Largest  Scatterer 

•  Adaptive  Focusing  with  Standard  Hardware 

•  Procedure 

•  Measure  Reflected  Signal  from  Scatterer 

•  Calculate  Time  Delays  with  Cross-Correlation 
Algorithm 

•  Reverse  Time  Delays  and  Exdte  Array  Transducer 


Adaptive  Time-Delay  Test  Configuration 


8  niement  Army  Transducer 


Reflected  Signal 

Unfocused 


0.0010 


Fig.  3.  (a)  Reflected  signal  at  transducers  1 ,2,3  and  4  when  only  transducer  4  is  tired;  (b) 
Reflected  signals  when  transducers  are  flred  with  time  delay;  (c)  Reflected  signals  when  all 
transducers  arc  fired  simultaneously. 


Philosophy 

•  Basic  research  to  develop  new  instrumentation 
and  to  improve  existing  devices 

•  Fundamental  studies  on  damage  mechanisms 

•  Advanced  measurement  techniques 

•  Mathematical  models 

•  Quantitative  comparison  of  techniques 

•  Evaluation  of  capabilities  and  limitations  ■ 

•  Technology  transfer 


Quantitative  NDE  for  Detection  and 
Characterization  of  Hidden  Corrosion 


J.  C.  Moulder,  J.  H.  Rose,  and  J.  N.  Gray 


Center  for  NDE 
Iowa  State  University 
Ames,  IA  50011 


This  work  was  supported  in  part  by  the  AFOSR  under 
Grant  No.  F49620-93-1-0439DEF. 


Overview  of  Research  Program 


Task  1:  Pulsed  eddy-current  detection  of  hidden  corrosion 
in  transport  aircraft. 

•  Theory  -  James  H.  Rose 

•  Experiment  --  John  C.  Moulder 

Task  2:  X-ray  energy-resolved  backscatter  technique  for 
complex  geometry  in  high  performance  aircraft 

•  Joseph  N.  Gray 

•  Terrence  C.  Jensen 


X-ray  Corrosion  Detection  and 
Characterization 


•  Sample  Preparation  and  Characterization 

•  Backscatter  Modeling 

•  Energy-Dispersive  X-ray  Backscatter  Camera 


Pulsed  Eddy-Current  Technique  for 
Characterizing  Hidden  Corrosion 


TOP  PLATE  THINNED 

A Z  =  Zr  Z  , 


Z1  zz 


BOTTOM  PLATE  THINNED 


BOTH  PLATES  THINNED 


BO'ITOM  SURFACE  THINNED 


Example  of  Screen  Image  from  Pulsed 


joint.  The  specimen  consists  of  two  1-mm  thick  plates  of  2024 
aluminum,  with  a  0.1  mm  flat  bottomed  hole  machined  in  the 
bottom  plate. 


THEORETICAL  CURRENT- VOLTAGE  RESPONSE 
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Finally, 


FREQUENCY-DOMAIN  IMPEDANCE  RESPONSE 
DUE  TO  PITTING 


A  ‘|8u6!S 


Calculational  Method  has  been  Completed. 


A  '|eu&s 


ime, 


'late 


Summary 


Fabricated  x-ray  backscatter  camera 


Directions  in  Year  2 


Develop  quantitative  pulsed  eddy  current  estimates  for  loss 
of  metal  in  lap  joints 

Compare  quantitative  modeling  and  experiment  for  samples 
produced  in  corrosion  chamber 

Compare  model  and  experiment  for  aircraft  panels 

Continue  development  of  energy-dispersive  x-ray 
backscatter  camera  and  backscatter  models 


Nondestructive  &  Noncontact  Evaluation  of  Corrosion  and 
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Optical  NDE  Techniques  Used 

1.  ESPI  (  Electronic  Speckle  Pattern  Interferometry  ) 

2.  LSS  (  Laser  Speckle  Sensor  ) 

3.  Speckle  Correlation  Method  (Laser  or  White  Light) 

4.  Moire  and  Projected  Grating  Methods  with  and  without  Phase 
shifting 


Schematic  of  NDE  of  Aircraft  Corrosion  by  Optical  Methods 


Projection  Grating  with  Phase  Shifting 


NDE  by  Moire  (Projection  Graiing  Method).  Resolution 
Simulated  pitting  corrosion 


Principle  of  ESPI 


Let  U1  =ul  exp(nH)  and  U2=»u2*exp<iii2)  be  die  complex  amplitude  0f  rh<-y 
wavefronts  where  ul,u2  and  4/1,  4/2  correspond  respectively  to  the  randomly 
varying  amplitude  and  phase  of  the  individual  image  plane  speckles.  The 
intensity  of  a  given  point  in  the  image  plane  will  be  G1  where 
G1  -  II  +12  +  2v''IlI2*cos* 
and 


11  -  U1U1* 

12  =  U2U2* 
*  -  4>l  -  4>2 


when  the  object  displaces,  the  intensity  will  change  to  G2  where 
G2  «■  II  +E2  +  2/IlI2cos<¥  +  a*) 

A4>  is  the  resultant  phase  change. 

By  sub  sanction  of  G1  and  G2  ESPI  fringe  panems  are  obtained: 

G  =*  G1  -  G2=»  2'/llI2[cos'i'  -  cosi*  +  A<£)] 

“  ^HEsinf*  -  1/2  A*)sin(l/2  A <b) 

Before  being  displayed  on  the  monitor.  G  is  rectified.  The  brightness  at  a  given- 
point  m  the  monitor  image  is  * 


B  =  4KTIlI2sin2('P  +  1/2  A<h)sin;(l/2A<h)]l/I 
where  K  is  a  constant. 

If  the  brightness  B  is  averaged  along  a  line  of  constant  A <6,  we  see  that  it 
vanes  between  maximum  and  minimum  values  B_,  and  B_  given  bv 
Bmu  m  2KV11I2,  A^  ■  (2n  +  !)x,  n*0,l,2... 

=  0,  A«  *  2nx,  n=*0,1.2... 


Configuration  for  Electronic  Speckle  Pattern  Interferometry 

(out-plane  displacement  measurement) 

Specimen 


Image  Processing  Sysiem 


Schematic  for  specimen  I  with  crevice  corrosion 
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Schematic  for  specimen  II  with  crevice  corrosion 


NDE  by  ESPI 


Resolution  of  ESPI 

Out-plane  or  in  -plane  displacement:  0.3/* 

Heat-loading  by  air  gun 

Power:  1250  w/2 

Heating  duration:  1  ~  3  sec 

Temperature  rising  AT:  2~4*c 

Vacuum  loading  :  0  -  25  in  Hg 


NDE  by  Correlation  Method 

.  Cross-correlation  is  used  to  detect  surface  defects  caused 
by  corrosion  and  fatigue.  The  defects  are  revealed  by 
significant  change  of  correlation  coefficient  defined  by 


C(x=0,  y=0)  = 


g=l  ~T=\ 

/SS. i  I?-l  /x+t,sr+;  E?=l  EjU  tij 


where:  f,  g  are  the  images  for  calculation. 


Resolution  of  Correlation  NDE 
.  Pit  :  size  —  0.3mm.  depth  ~  0.1  mm. 

.  Observation  area:  64mm  by  60mm. 

.  Distance  between  specimen  and  CCD 
camera:  >  2  m. 

.  If  the  observation  area  is  as  big  as  lm  by  lm, 
we  can  distinguish  a  cluster  of  pits  in  an  area 
as  small  as  5mm  by  5  mm. 


Proposed  Approach  for  Quantitative  NDE 
of  Crevice  Corrosion  Cavity 


-P 

Liltt 


1.  Use  correlation  method  to  determine  the 
projected  2-D  dimension  a  &  b 

2.  Use  ESPI  to  determine  the  out-of-plane 
deformation  under  slight  negative  pressure 

3.  Assuming  the  cavity  be  ellipsoidal  in 
shape,  determine  the  cavity  height  using 
numerical  calculation. 


CORROSION  EFFECT  ON  FATIGUE  LIFE  OF  A17075 


Surface  Roughness  Measurement 

•  Mechanical  Profilometer 

•  Laser  Speckle  Sensor  (LSS) 


Parameters  Used  in  LSS  Calculation 


The  auto-correlatiou  coefficient  of  a  digitized  image  g(i,j) 
is  defined  as 


Ca(T,v) 


Ei=Af 
is  j 


9('J)  X  o(i  +  T,j  +  v) 

dsf' E£fV(U) 


(i) 


where  g(i,j)  is  the  discrete  intensity  level  at  point  (i,j) 
of  image  g.  M  and  N  are  total  discrete  points  in  X  and 
Y  directions  (A/  =  238, N  =  192).  t  =  T,  u  =  V  arc 
defined  as  lag  lengths  along  i,  j  directions  respectively, 
when  C0  =  1/e. 

The  cross-correlation  coefficient  of  two  arbitrary  images 
g(i,  j)  and  !(i,j)  is  defined  as 


c  =  s-Fsfflgfoj)  */(»•■>)  (2) 

\Jmzi1  u2UJ)  *  FiiJ)]''* 

where  g(i,j),  f(i,j)  are  the  discrete  intensity  levels  at  point 
(i,j)  of  image  g  and  /,  respectively. 


Surface  Roughness  Ra  (micrometer) 


Optical  Arragement  of  LSS 


P 


Fig.  I  Surface  roughness  changes  as  measured  by  mechanical 
profilometer  of  AI7075-TG  specimen  in  -1  Mol  MCI  solulu 


160 


Fig  2  Roughness  change  characterized  by  auto-correlation  lag 
length  of  AI7Q75-T6  specimens  immersed  in  4  Mol  MCI 
solution. 


Fig  3  Fatigue  life  determination  by  speckle  cross-correlnl  ion 
The  sample  (AI7075-T6)  was  corroded  for  Id  hours  in  4 
Mol  IICI  solution  and  fatigued  under  maximum  stress 
<7  =  300  MPa  with  stress  ratio  R-02. 


.Fatigue  Life  (Cycles) 
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0  !■**  “  i . . . . . . . . i . i .  . 

0  12  24  36  48  60  72  84 

Corrosion  Hours 


I 
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4 


max.  stress=300  MPa  _| 
stress  ratio=0.2 


Fig. 4  Fatigue  life  of  AI7075-T6  as  a  function  of  corrosion  hours 
in  4  Mol  HCI  solution.  The  virgin  sample  remain  unbroken 
at  850,000  cycles  under  the  same  loading  condition. 


Strain  Field  Surrounding  & 
Propagating  Fatigue  Crack 
as  Mapped  by  Moire 


U-1J. 


The  Effect  of  Tensile  Strain  on  Cumulative 
Fatigue  Damage  in  Aluminum  Sheet1 


1  Accepted  for  presentation  at  the  symposia  of  aging 
materials  and  structures.  Twelfth  U.S.  National 
Mechanics,  Seattle,  Washington,  June,  1994. 


and  life  prediction  of 
congress  of  Applied 


«■  Cyclic  loading  produces  a  random  roughening  of  the 
surface. 

»  The  cross  correlation  technique  is  sensitive  to  surface 
roughness  change. 

The  initial  static  strain  affect  the  fatigue  damage 
acumulation  and  fatigue  iife. 


crosscorrelation  coefficient 


Parameter  Used  in  LSS  Calculation 


The  cross-correlation  coefficient  of  two  arbitrary  images 
g(i,j)  and  f(i,j)  is  defined  as 

c„  Eg f' x /(i, j)  (]) 

\ZlEgf'  Ej=fV(iJ) 

where  <y(i,  j)t  /(i,  j")  are  the  discrete  intensity  levels  at  jxhnt 
(i,j)  of  image  ,j  and  /,  respectively.  \j  N  arc  total 

discrete  points  in  A'  and  Y  directions  (M  =  238, N  = 
192). 


Strain  ® 


Fig.3  Cross-correlation  coefficient  in  terms  of  static  strain  for 
A15052-I132  and  A17075-O  tensile  specimens. 


A  new  damage  criterion: 


syw  =  ?y 


CONCLUSIONS 

1.  Surface  roughness  change  is  non-linear  with  respect  to  the  number 
of  fatigue  cycles  in  terms  of  cross  correlation  coefficient.  The  change 
is  caused  by  fatigue  damage  accumulation. 

2.  The  static  strain  influences  fatigue  life  throu^^surface  roughening 
and  microdamage  in  the  materials.  The  effect  is  noticeable  but  limited. 
A  new  damage  model  is  introduced  to  incorporate  the  effect  of  static 
strain  into  the  CofTin-Manson  relation. 
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Thermal  Wave  Imaging  for  NDE  of  Hidden  Corrosion  in  Aircraft  Components 


R.L.  THOMAS,  L.D.  FAVRO,  AND  P.K.  KUO 
WAYNE  STATE  UNIVERSITY 
AFOSR  UR1P-FY93  Grant  No.  F49620-93-1-0428 

WORKSHOP  ON  AGING  AIRCRAFT  RESEARCH 
17-19  May  1994 

Oklahoma  City  (Tinker  AFB),  Oklahoma 


TECHNIQUE: 

PULSE-ECHO  THERMAL  WAVE  IMAGING 


FLASHLAMPS 
COMPUTER 


CONCEPT: 

•  Flash  lamps  pulse-heat  the  aircraft  surface 

•  IR  camera  monitors  the  surface  temperature  following  the  heat  pulse 

•  Computer  and  fast  image  processor  extracts  the 

thermal  wave  echo  image _ " 

WAYNE  STATE  UNIVERSITY  Tft/fR 

Institute  for  Manufacturing  Research  *■  ’-*■  AY 


L 


Related  WSU  Project. 

THERMAL  WAVE  IMAGING  OF  ADHESIVE  BONDS 

Sponsored  by  the  FAA-Center  for  Aviation  Systems 
Reliability,  operated  by  Iowa  State  University  and 
supported  by  the  Federal  Aviation  Administration 
Technical  Center  in  Atlantic  City,  New  Jersey,  under 
Grant  Number  93-G-018. 
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Earliest  reference:  Angstrom,  Ann.  Physik,  1 14  (1861) 


v=  v2a  cd 
[J.  =  JlaJcn 

t  =  x* 
peak  2'  Ct 

T  =  _£ _  1 

peak  fZlZQ  ^ 


Travelling  Wave: 
Heavily  Damped  Wave: 

Peak  Time: 

Peak  Temperature: 


Consider  the  Fourier  components  of  the 
heat  pulse  in  these  experiments: 

•  "Hie  high  frequency  components  propagate 
with  high  speeds,  but  are  heavily  damped; 

•  The  low  frequency  components  have  less 
damping,  but  propagate  very  slowly 

Net  result:  Intermediate  frequency  components 
dominate  the  behavior,  and  the  pulse  broadens 
dramatically  as  it  propagates 


FAA  Center  for  Aviation  Systems  Reliability  (CASR) 


THERMAL  WAVE  IMAGES  OF  ALUMINUM  SKINS  WITH  ADHESIVE 

BONDLINE  SPECIMEN  #4 


FAA  Center  for  Aviation  Systems  Reliability  (CASR) 

BOTTOM  SECTION  OF  INSPECTION  AREA 


M  •  •••v  — r»*wv*i 


C-135  Wing  Fastener  Corrosion  Inspection 
by  Thermal  Wave  Imaging  at  Tinker  AFB: 

Aircraft  #  2671 
May  13, 1993 


Thermal  Wave  Image  of  a  region  of 
wing-fastener  corrosion  on  a  C-135  Aircraft 
(Imaged  at  Tinker  AFB,  Oklahoma  City,  May  13, 1993) 


BOTTOM  SECTION  OF  INSPECTION  AREA 


ENLARGEMENT  OF  REGION 
SURROUNDING  FASTENER  #  17 


OPTICAL  IMAGE  OF  FASTENER  17 
(left  side  cross  section) 


FAA  Center  for  Aviation  Systems  Reliability  (CASR) 


Test  Area  1;  Gate  =  15  Frames 
Stringer  18;  Frame  station  1070  - 1100 
[Scale  =  1 :4] 


FAA  Center  for  Aviation  Systems  Reliability  (CASR) 


Test  Area  5;  Gate  =  10  Frames 
Stringer  18;  Frame  station  1020  -  1050 
[Scale  =  1 :4] 


SHORT-TIME-SCALE 
THERMAL  WAVE  REFLECTION: 
THEORY  &  EXPERIMENT 

Motivation: 

•  To  look  for  quantitative  measurement 
of  outer  skin  thickness. 

•  To  study  the  effects  of  lateral  defect  size  and 
boundary  conditions. 
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Painted  Surface 


Depth  (d) 

1 


L-  19.8 


Region  of  poorer  paint  adhesion 


/  Depth  (d) 

1:  1.10  mm 
t  1.86  mm 
3:  2.60  mm 
■4:  3.40  mm 
5:  4.10  mm 
6:  4.  SO  mm 

□  Background 

(Thick  region) 

□  Regions  for 
Contrast 
Curves 


Contrast  Curves:  Background  (T  vs.  t )  subtracted 
from  the(T  vs.  t)  for  the  regions  1  -  6 


CONCLUSIONS  FROM  THE  6-HOLE  RESULTS 


•  Thermal  wave  scattering  theory  works  pretty  well. 

•  Reflections  from  the  bottom  surface  of  metal  skins 
begin  on  fast  time  scales  (-*  40  ms  for  steel,  faster 
for  aluminum). 

•  The  reflection  signals  peak  at  times  which  are 
predictable,  and  which  scale  as  the  square  of  the 
thickness  of  the  metal  to  the  defect,  for  this  set  of 
defects  of  radius  =  1  cm. 


WHAT  HAPPENS  FOR  DEFECTS  OF  DIFFERENT 
RADJ]  AT  THE  SAME  DEPTH?  — 

Repeat  the  previous  experiment  for  a  different  type  of 
flat-bottomed  hoie  specimen. 


1 

All  5  holes  are 
located  at  the 
same  depth  beneath 
the  top  surtace: 

1.2  mm 


□  Background 
(Thick  region) 

□  Regions  tor 
Contrast 
Curves 


Contrast  Curves:  Background  (T  vs.  t )  subtracted 
from  the  (T  ys.  t)  for  the  regions  1-5  _ 


FAA  Center  for  Aviation  Systems  Reliability  (CASK) 


Theoretical  Thermal  Wave  Echoes 
from  Subsurface  Circuler  Reflectors 
(Depth=1 .2  cm)  in  Steel 


2J4  cm 
1.27  cm 
0.952S  cm 
0.635  cm 
0.3175  cm 


FAA  Center  for  Aviation  Systems  Reliability  (CASR) 


Experimental  Thermal  Wave  Echoes 
from  Subsurface  Circuler  Reflectors 
(Depths'!  .2  cm)  in  Steel 


2.54  cm 
1.27  cm 

0.9525  cm 
0.635  cm 
0.3175  cm 


CONCLUSIONS  FROM  THE  5-HOLE  RESULTS 
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COMPOSITE  STRUCTURES: 


•  Boron-Epoxy  Patches 

•  Honeycomb  Structures 

•  Graphite-Fiber-Reinforced  Polymers 


FAA  Center  for  Aviation  Systems  Reliability  (CASK) 


Boron-Epoxy  Patches 


FAA  Center  for  Aviation  Systems  Reliability  (CASK) 


Boron-Epoxy  Patch  Adhesively  Bonded  to  Aluminum 
(Flat  Bottom  Holes  in  Al  Plate) 


Step*  (thickest) 


Thermal  Wave  Image  of  Impact  Damage  on  a  Glass  Epoxy  Composite 
by  a  2g  stone  at  Normal  Angle  of  Incidence 


(Curved/Back  Side) 


Front  SkteMJpperHar  Front  Side/  Upper  Haf 

Wkte  Angle  Lens/  Short  Gate  Time  (1 67  ms)  Wide  Angle  Lens;  long  Gate  Time  (is ) 


THERMAL  WAVE  IMAGE  OF  A  COMPOSITE 
AIRCRAFT  PART 


FAA  Center  for  Aviation  Systems  Reliability  (CASR) 


THERMAL  WAVE  IMAGE  OF  A  COMPOSITE 
AIRCRAFT  PART  WITH  A  SUBSURFACE  DEFECT 


DUAL  RESIN  BONDED  PANEL 


ULTRASONIC 


THERMAL  WAVE 


•IV'V 


THERMAL  WAVE  IMAGING 
TECHNOLOGY  DEVELOPMENT  &  TRANSFER 

•  Rash  lamps,  shroud,  cart. 

Hardware  (board-level  pipeline  image  processing 
on  a  486  PC) .  a 

•  Software 

(dedicated  to  real-time  thermal  wave  imaging) . 

•  Commercial  availability 

(WSU-licensed  to  Thermal  Wave  Imaging,  Inc.) 


EchoTherm 


FUTURE  WORK 

•  Experimental  testing  to  compare  with  theoretical 
predictions:  Short-time  peak  slope  time;  value  of 
the  peak  slope  for  holes  of  different  depths  and 
with  different  boundary  conditions. 

•  Implementation  of  the  method  on  corrosion  test 
specimens. 


Implementation  of  the  method  on  aircraft  panels. 


